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ABSTRACT  
   
 
The overall goal of this research project was to assess the feasibility of investigating the 
effects of microgravity on mineralization systems in unit gravity environments. If 
possible to perform these studies in unit gravity earth environments, such as earth, such 
systems can offer markedly less costly and more concerted research efforts to study these 
vitally important systems. Expected outcomes from easily accessible test environments 
and more tractable studies include the development of more advanced and adaptive 
material systems, including biological systems, particularly as humans ponder human 
exploration in deep space. The specific focus of the research was the design and 
development of a prototypical experimental test system that could preliminarily meet the 
challenging design specifications required of such test systems. Guided by a more unified 
theoretical foundation and building upon concept design and development heuristics, 
assessment of the feasibility of two experimental test systems was explored. Test System 
I was a rotating wall reactor experimental system that closely followed the specifications 
of a similar test system, Synthecon, designed by NASA contractors and thus closely 
mimicked microgravity conditions of the space shuttle and station. The latter includes 
terminal velocity conditions experienced by both innate material systems, as well as, 
biological systems, including living tissue and humans but has the ability to extend to 
include those material test systems associated with mineralization processes. Test System 
II is comprised of a unique vertical column design that offered more easily controlled 
fluid mechanical test conditions over a much wider flow regime that was necessary to 
achieving terminal velocities under free convection-less conditions that are important in 
ii 
mineralization processes. Preliminary results indicate that Test System II offers distinct 
advantages in studying microgravity effects in test systems operating in unit gravity 
environments and particularly when investigating mineralization and related processes. 
Verification of the Test System II was performed on validating microgravity effects on 
calcite mineralization processes reported earlier others. There studies were conducted on 
calcite mineralization in fixed-wing, reduced gravity aircraft, known as the ‘vomit comet’ 
where reduced gravity conditions are include for very short (~20second) time periods. 
Preliminary results indicate that test systems, such as test system II, can be devised to 
assess microgravity conditions in unit gravity environments, such as earth. Furthermore, 
the preliminary data obtained on calcite formation suggest that strictly physicochemical 
mechanisms may be the dominant factors that control adaptation in materials processes, a 
theory first proposed by Liu et al. Thus the result of this study may also help shine a light 
on the problem of early osteoporosis in astronauts and long term interest in deep space 
exploration. 
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CHAPTER 1 
INTRODUCTION  
 
 On April 12, 1961, mankind spread its ‘human wings’ to explore regions outside 
the full gravitational bond of our planet. Since that inaugural manned spaceflight a half 
century ago, men and women now routinely travel from the surface of earth to the edge 
of space to study man’s ability to adapt to extreme environments for significant time 
periods (1). The quest of human exploration in deep space has served to reignite the 
pioneering spirit of the human condition and rejuvenate the basic human drive to seek 
new knowledge about themselves and their vast surroundings. From Leonardo Da Vinci’s 
and the Wright brothers flying machines to the fledging space transport vehicles of 
modern man, the exploration of space now appears inevitable.  
However, according to the National Astronautics and Space Administration  
(NASA), there remain five, life-supporting and life-sustaining high-risk categories where 
there are unknown effects and undeveloped countermeasures that currently prevent 
human exploration in deep space as summarized in Table 1 below.  
Among the risk factors of human health countermeasures, osteoporosis or loss in 
bone mineral density (BMD) in reduced gravity environments is a major concern. As 
bone is a load bearing, adaptive structure, a dominant contemporary view is that bone 
loss may be simply due to a sustained lack of mechanical loading in microgravity 
environments (3-4).  
 
 
2 
Table 1: NASA Human Research Program (2) 
1 Behavioral Health 
and Performance 
 Adverse Behavioral Conditions 
 Performance Decrements 
 Error Due To the Fatigue 
2 Exploration Medical 
Capability 
 Unacceptable Health and Mission Outcome Due to 
Limitation 
3 Human Health 
Countermeasures 
 Inadequate Nutrition 
 Bone Fracture 
 Cardiac Rhythm Problem 
 Unpredicted Effect of Medicine  
 Altered Immune Response 
 Decompression Sickness 
 Osteoporosis Due to the Micro- Gravity 
 Reduce Muscle Mass 
 Injury from Dynamic Loads  
 Intervertebral Disk Damage 
 Orthostatic Intolerance  
 Renal Stone  
 Intracranial Hypertension-Vision 
4 Human Factor and 
Habitability  
 Alteration in Host Microorganism Interactions  
 Exposed to Dust and Volatiles  
 Incompatible Vehicles 
 Critical Task Design  
 Human Computer Interface  
 Inadequate Food System  
5 Space Radiation   Nerve System Damage  
 Solar Particle Event  
 Radiation Exposure  
 Radiation Carcinogenesis  
 
By way of brief background, bone is the major component of the musculoskeletal 
(MS) system and has a very complex three-dimensional structure involving trust and 
plates (5). It serves as the major load bearing support structure for soft tissues of the 
body, such as, ligaments, tendons, muscles and cartilage, among other functions. The 
human skeletal system contains two major bone types: cortical and trabecular bone as 
depicted in Figure 1.a. Cortical or compact bone, a much denser structure than cancellous 
bone, forms the cortex, or outer shell, of most bones. Osteons, cylindrical structures 
approximately several millimeters in length and about 0.2mm in diameter, are the 
fundamental functional units of cortical bone. Each osteon consists of concentric layers, 
or lamellae, of compact bone tissue that surround a central canal, the Haversian canal that 
contains the bone's nerve and blood supplies. The less dense, cancellous or trabecular 
bone is composed of a network of rod- and plate-like elements and typically found at the 
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ends of long bones, proximal to joints and within the interior of vertebrae. It has as its 
functional unit the trabecular, a rod or pillar-shaped structure that is composed of dense 
collagenous tissue (6).  
 
 
 
 
Figure 1-a: Human bone trabecular bone and cortical bone. 
 
Figure 1-b: Osteon and trabecular functional units of compact and cancellous bone 
adapted from NASA report adapted from (4) 
 
In 1892, German surgeon Julius Wolff proposed that bone responds reversibly to 
the load imposed. Generally known as “Wolff’s Law”, bone will adapt in a ‘use it or lose 
it’ manner (7). Although the mechanism of bone adaptation is not completely understood 
the phenomenological level, generally an increase in bone loading from exercise, 
hypergravity, among other conditions would typically increase bone mineral density 
(BMD) while a decrease in mechanical loading from, say bed rest, space travel would 
lead to a decrease in BMD (5-7).  
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Osteoporosis (OP) is an inadequate level of BMD, which result in fractures via minor 
trauma (5). According to the National Osteoporosis Foundation, 10 million Americans 
have osteoporosis, of which 8 million of them are female and the rest are male in the 
general population (5, 8-9).” The number of fractures resulting from osteoporosis is 
significant totaling 1.5 million fractures annually of which 300,000 are hip; 700,000 are 
vertebral fractures; 250,000 wrists; and 300,000 are other types (8,10). There exist a 
variety of studies that were developed at different levels of scale for understanding 
underlying mechanisms of bone modeling as shown in Figure 2. These include models 
developed at the cell and tissue scale, as well as, at the physiologic scale that include both 
animal studies and human systems. These include models developed based on studies 
performed  in extreme environments. Literature summaries of a selected number of 
studies performed on each of these systems are provided in Tables 2 to 5.  
 
 
 
 
 
 
Figure 2: Models for Study Bone Adaptation 
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Table 2: Material and Mineral Nucleation Studies in Unit-G and Micro-G (11-35) 
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Table 3: Cell and Tissue Model for Unit-G and Micro-G Studding Morphology of the 
Bone and also Osteoporosis (36-59) 
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Table 4: Pre Clinical- Animal Model Study Bone loss Unit-G and Micro-G  (60-64) 
 
Table 5:  Clinical- Model Study Bone Loss Unit-G and Micro- G (65-89) 
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According to NASA, data recorded from clinical studies performed in 
microgravity environments in space, indicate that there is very strong evidence of high 
risk for accelerated OP among astronauts due to space flight (9,10).  Reports in the 
literature indicate the OP effects are thought to be due to insufficient mechanical loading 
on the bone, albeit yet to be proven. Although OP is not unique to space travel, as 
witnessed in bedridden individuals (3), accelerated OP from reduced gravitational fields 
is clearly a significant barrier to deep space exploration (90).  
At the nanometer and micrometer levels of scale, osteoblast (OB) are the bone 
cells that produce the bone mineral hydroxyapatite while osteoclasts are the cells that 
remove bone mineral in reduced loading environments, and osteocytes are thought to   
play more of a mineralization control role. Together, they are the major cellular players  
in the musculoskeletal system that are responsible for maintaining bone mineral density 
(BMD), the clinical determinant used as an indicator of the load bearing functionality of 
bone (91-94). It is noteworthy that the immune system also plays a role in BMD but is 
not the focus of this study.  
Clearly, an understanding of the mechanism(s) of bone adaptation at the cellular 
or tissue level may lead to viable countermeasure strategies. For example, studies 
performed on cells in extreme environments, such as under simulated microgravity 
devices induced by rotating wall bioreactors (Synthecon) developed by NASA have 
shown dramatic differences in gene expression between simulated microgravity 
environments and unit gravity (95-96). 
Also, bone has been modeled as a poroelastic structure that relates deformation-
driven interstitial bone fluid movement in bone tissue. There are three levels of bone 
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porosity forming two interfaces within compact bone and within the trabeculae of 
cancellous bone. In addition to the transport of nutrients and the removal of waste, bone 
interstitial fluid transports mineral ions (Ca and P) to the bone tissue for storage and 
retrieval of those mineral ions when they are needed by the body. Bone deformation is 
thought to cause the bone fluid to flow over the bone cell membrane where the shear 
stress of the flowing fluid is sensed by the cell. It is thought that this interaction of bone 
fluid with the solid phases of bone tissues in a fluid-saturated porous medium has a role 
in bone’s mechanosensory system (6).  
Central to bone’s complex mechanoadaptive behavior is the role gravity plays. 
The force exerted by gravity is empirically described by its interaction between two 
bodies of mass regardless of their relative size or geometry. For bones, gravity then acts 
impartially on ions in a manner similar to how it acts on bone at the bulk level. Recent 
studies on the nucleation and growth of calcium carbonate (calcite) ceramic systems in 
reduced gravity environments induced by a fixed-wing, MU-300 aircraft, known as the 
‘vomit comet’, where reduced gravity ‘free fall’ conditions are operative for very short 
(~20second) time periods (11), have shown dramatic differences in calcite mineralization. 
In this study, supersaturated solutions of calcium chloride and sodium carbonate were 
allowed to combine and react in a transient microgravity environment and then followed 
the nucleation and growth of calcium carbonate (CaCO3) crystals using a Fast Dynamic 
Light Scattering system. Compared to similar tests run at unit gravity, a significant time 
delay in calcite mineral formation, i.e.,  nucleation and growth, was observed between in 
microgravity and unit gravity was seen. Liu’s group concluded that the reason for the 
time delay may be the lack of free convection as this mineral system formed in 
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microgravity conditions. It was also suggested that this previously unrecognized 
mechanism may be relevant to the BMD reductions seen bone in astronauts and 
cosmonauts.  
The primary goal of this research project is to explore the feasibility of 
developing a test system that can study mineralization systems and processes under 
simulated microgravity conditions while operated in unit gravity environments. Once 
developed, it is then possible to study mineralization processes occurring in microgravity 
conditions while run in unit gravity environments and also attempt to confirm Liu’s et. al 
findings (97-100).  
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CHAPTER 2 
THEORY 
A major objective of this research is to assess the feasibility of developing novel 
material test systems that are capable of studying and perhaps eventually exploiting the 
formation of material systems and processes under simulated microgravity conditions 
while operating in unit gravity environments. This includes material systems that involve 
nucleation and growth, such as of mineral systems, and other natural or synthetically 
derived material systems whose structure, properties, processing and performance are 
affected by gravity-dependent synthesis and processing conditions. Requisite to achieving 
this objective is the development of a conceptual framework that is able to relate diverse 
material systems that are effectively experiencing free fall terminal velocity conditions 
arising from gravitational forces as viewed from a unified classical mechanics theoretical 
foundation.  
Classical mechanics describe the influence of gravity (Fg) as attractive force 
acting on matter having mass over a distance.  In familiar form, Sir Isaac Newton’s Law 
of Gravity describes the force of attraction arising between two bodies having masses m1 
and m2 respectively separated by a distance, R. As depicted in Figure 3, regardless of the 
relative masses between two bodies or the distance between each other, the force of 
attraction between these bodies is directly proportional to mass of each body and 
inversely proportional to the square of distance between the centers the mass of those 
objects as described in Figure 3. For example, as earth constantly pulls the moon towards 
its center of mass with a force exerted by gravity, the moon constantly pulls on the earth 
such that acceleration due to gravity results in the moon orbiting around earth.  
12 
  
 
 
 
 
 
 
 
 
 
Figure 3: Force of gravity 
Note also that the ratio of the force exerted by gravity (Fg) to the product of the 
masses (m1 x m2) divided by the square of distance between these objects (R
2) is a 
constant and typically denoted by the well-known gravitational constant (G). This 
universal, physical constant, depicted as G in Equation 2-1 (102).  
𝐹𝑔 =
𝐺∗𝑀1∗𝑀2
𝑅2
              [𝑁]  Where F1 = F2 = FG                 2-1 
is an empirically-determined constant with the value shown in Equation 2-2.  
𝐺 = 6.6738 ∗ 10−11           [ 𝑁 ∗ (
𝑚
𝑘𝑔
)
2
]       2-2 
 It is important to note that the local gravitational field (denoted by little ’g’), is 
equivalent to free fall acceleration, such as experienced at the surface of planet earth, 
with mass (ME) 𝑜𝑓 5.974 ∗ 1024 kg and Radius (RE) of 6.371 *103 m, has the value g = 
9.81 
𝑚
𝑠2
 (= 9. 79 
𝑚
𝑠2
 in Arizona) that is generally known as standard or ‘unit-gravity’ (ug).  
 Gravity, an extremely weak force relative to other fundamental forces, such as, 
the electromagnetic force, is nonetheless responsible for increasing the speed of an object 
near the earth surface by about 9.81 
𝑚
𝑠2
 or about 32.2 ft per second every second. In the 
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case, where the object only experiences acceleration by the force of gravitation acting 
upon it, then that object, by definition, is in free fall. The maximum velocity that objects 
reach during free fall is known as terminal velocity (VT).   
As the unit of measurement for weight is that of force (newton), the weight of an 
object is taken to be the force acting on an object due to gravity. There is a direct 
relationship between gravitational acceleration and the downwards weight force 
experience by objects on earth, i.e., W = mg. In this sense of weight, a body is weightless 
only if it is far away from any gravitating mass, such as, earth. Another form of weight is 
a measure of the magnitude of the reaction force exerted on a body. In this case, the 
weight of an object is determined when the object is at rest using, for example, a scale. 
However, the definition of weight can be extended to other states of motion. For 
example, the weight of an object in free fall would be zero as only gravity is acting upon 
it. In the absence of any other forces, gravitation acts on each part of the object equally 
and this essentially constitutes weightlessness.  In this sense, terrestrial objects can be 
weightless even if near the surface of the earth. If there exist aerodynamic drag forces, an 
object in so-called free fall after reaching terminal velocity, produces a sensation of 
weightlessness as local drag forces produced by the interaction of the fluid medium with 
the object are supporting the object’s weight.  
With conditions of free fall and weightlessness introduced, the following 
conceptual framework serves to relate seemingly diverse, selected terrestrial systems 
undergoing free fall in real or simulated microgravity conditions. Figure 4 depicts a 
combination of five, terrestrial systems that are experiencing microgravity or simulated 
microgravity conditions arising from their free fall states. For each of the five terrestrial 
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systems shown, a small arrow designates the terminal velocity. To the right of Figure 4, 
larger vertical reference arrows are displayed indicating altitude from the earth’s surface 
to the thermosphere or essentially 500km above the center of the earth. Also shown in 
Figure 4 are associated terminal velocities (Vt) and Reynolds numbers Re for each 
terrestrial system shown. Note, that the Reynolds number ranges shown represent various 
drag force conditions arising from objects of various geometries that are falling 
downward in the medium. More details on the underlying physics of free fall for these 
systems are provided in Appendix D-3. 
 
  
Figure 4: Microgravity Systems that Experience Free Fall Conditions 
Based on Equation 2-1, true microgravity conditions are attained when an object 
is undergoing free fall. As indicated previously, free fall conditions can be achieved if the 
object is either very far from the gravitational pull of other objects, such as experienced 
in deep space, or if only the force of gravity acts on a body that has attained terminal 
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velocity conditions. The following cases aim to further delineate conditions of material 
systems undergoing free fall. Note that the units given in the following examples are in 
SI, the diagrams are in Cartesian coordinates, and all objects are considered spherical in 
shape.  
CaseI:Solid Object Traveling Downward in a Fluid Medium at Free Fall Conditions 
For Case 1, a solid ball with mass, MB, and diameter, DB, is falling in a fluid medium at 
constant temperature as depicted in Figure 5. The free body force diagram indicates that 
object with mass MB is falling only in the y-axis, and thus there are no force interactions 
in x-axis.  In this case, the forces that interact with the object include (a) Fb  the buoyancy 
force, (b) Fg, the force of gravity pulling the object downwards towards the center of 
mass of the earth; and (c) D, the drag force which arises from the interaction of the media 
with the  surface area of the object.  
 
 
 
 
 
 
 
 
Figure 5: FBD of Case I  
  
 
   
Thus, the force balance for this system is:  
∑ 𝐹𝑥 + ∑ 𝐹𝑦 + ∑ 𝐹𝑧 = 𝑀 ∗ 𝑎         2-3 
Noting that there is no motion in z or x- axis, i.e.,  
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∑ 𝐹𝑥 = 0,   ∑ 𝐹𝑧 = 0       
Then, if the gravitational force acting downward in the y-direction were countered only 
by form drag, D (air or fluid resistance) and buoyancy forces (𝐹𝑏), then the force balance 
for this condition would be: 
∑ 𝐹𝑦 = 𝐷 + 𝐹𝑏 − 𝐹𝑔 = 𝑀 ∗ 𝑎   𝐷 + 𝐹𝑏 = 𝐹𝑔  
Where form drag, D, can be expressed in terms of the following variables:  
𝐷 = 𝐶𝑑 ∗
1
2
∗  𝜌𝑀 ∗ 𝑣𝑇
2 ∗ 𝐴𝐵   [N]      2-4 
Where Cd is the drag coefficient, ρM  [Kg/m3] the density of the media (ρM), and AB the 
surface area of the object and where AB =
𝜋
4
∗ 𝐷𝐵 ^2    [m
2]. 
Also, the buoyancy force, Fb, is defined in Equation 2-5 below 
𝐹𝑏 =  𝑉𝐵 ∗  𝜌𝑀 ∗ 𝑔  [N]          2-5 
Where (VB) is the object’s volume (where VB = 
𝜋
6
∗ (𝐷𝐵)
3 unit [m3] for a sphere), ρM the 
density of the media, and g is the acceleration due to gravity. 
Also, recalling that the force acting on the object due to gravity is      
𝐹𝑔 = 𝑀𝐵 ∗ 𝑔  [N]         2-6 
Then it follows that 
𝐹𝑔 =  𝑉𝐵 ∗  𝜌𝐵 ∗ 𝑔 [N] 
Solving Equation 2-4 for the terminal velocity and substituting various terms, one can 
arrive at the following terminal velocity expression [Equation 2-7] for free fall.  
𝑣𝑇 =  √(
4
3
∗ 𝐷𝐵 ∗ 𝑔 ∗ (𝜌𝐵 −  𝜌𝑀))/(𝜌𝑀 ∗  𝐶𝑑)  [
𝑚
𝑠
]    2-7 
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 Upon inspection of Equation 2-7, it can be seen that the terminal velocity is 
directly proportional to diameter of spherical object (𝐷𝐵), the density difference between 
the object (𝜌𝐵) and the media (𝜌𝑀), and the acceleration of gravity (𝑔), as well as, 
inversely proportional to the drag coefficient, 𝐶𝑑, and density of media (𝜌𝑀). As long as 
there exist relative motion between the particle and media, there exist a drag force and an 
associated coefficient of drag, Cd. Cd is dependent on physical properties of media, and is 
also proportional to Reynolds number (Re) of the media. The Reynolds number, a 
dimensionless constant defined as the ratio of inertial forces verse viscous forces, is used 
To determine the drag force arising from the relative motion of objects immersed in 
fluids including those in free fall. As seen in Figure 6 below, the drag force depends on 
Re and the shape of the object. Given the shapes. The drag coefficient is given for three 
simple geometries, i.e., sphere, disc and a cylinder.   
For objects of different geometry, one can estimate the object’s equivalent 
spherical volume and determine the corresponding diameter as an approximation. Figure 
7 describes the effect of different mediums and thus viscosities on Cd and thus the 
terminal velocity of the object.  As shown, as air is much less viscous than water the 
object falling in air achieves a higher terminal velocity due to lower drag forces. 
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Figure 6: Cd vs. Reynolds Number for Basic Geometries (102) 
  
In order to determine terminal velocity, it is important to define the Reynolds 
number for the system of interest which, for a given object geometry, can then be used  to 
determine the drag coefficient Cd  (102) as depicted in Figure 6... In this project, all 
objects studied were either spherical or viewed as spheres of equivalent volume. It is also 
important to note that the medium in which the object is falling will affect the drag force  
at a given Re for a given viscosity as depicted in Figure 7 for air and water mediums. As 
expected, since air is a less viscous, the object falling in air achieves a higher terminal 
velocity due to smaller drag.  
    
I: Re<0.3 II: 0.3<Re<1000 
III: 1
0
0
0
<
R
e <
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Figure 7: Effect of Different Medium on the Cd 
 
In general, the Reynolds number can be conveniently divided into four distinct 
regions as depicted on Figure 6:  Region I: Re <0.3; Region II: 0.3<Re< 1000; Region III: 
1000 <Re<200000; Region IV: Re> 20000.  For a given region and object geometry, 
modified versions of the terminal velocity equation are applicable. In this study, the 
terminal velocity relations used were based on spherical objects in all cases (102). 
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Region I: Stokes law Re<0.3  
In this region, an object moving through a medium, such as a gas or liquid, 
experiences drag forces (Fd) in the direction opposite to its downward motion due to 
gravitational forces (Fg). Terminal velocity is achieved when the drag force is equal in 
magnitude but opposite in direction to the gravitational force pulling the object. 
The terminal velocity for objects in Region I is given in Equation 2-8 where µ𝑀 is 
the dynamic viscosity of the medium, g as defined above is the acceleration of gravity, 
DB is the ball diameter, 𝜌𝐵 denotes the density of the ball, and the 𝜌𝑀is density of 
medium. The constant 18 represents the value of the coefficient of drag at this dynamic 
condition.  
𝑣𝑡 = (𝑔 ∗ 𝐷𝐵
2 ∗ (𝜌𝐵 − 𝜌𝑀))/(18 ∗ 𝜇𝑀)   [m/s]                 2-8  
With reference to Equation 8, for Case I (Solid Object Free Falling through a 
Media) in Region I, Figure 8 and Figure 9 show the dependence of the terminal velocity 
on object diameter and density for a spherical object falling through the medium. As long 
as the density of the ball exceeds the density of the medium that is falling in, there will be 
a terminal velocity associated with the ball. Figure 9 is a representation of this 
relationship while the diameter of sphere was considered constant. In this case the 
assumption was that the particle is falling in water as a medium and water is under 
standard conditions (1 atm; pH 7; T= 25c). The relationship is linear and one to one as the 
equation predicted. 
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Figure 8: Relation between Diameter and Terminal Velocity in Re < 0.3 
 Figure 9: Relationship between Density of Ball and Terminal Velocity in Re < 0.3 
.  
In case I, the system was not falling under high surface area or a large terminal 
velocity, now let’s consider case II where an object is falling and there is a large 
resistance on the object such as an elevator drop. One of the most fundamental free fall 
examples of the physics is an elevator that is no longer under the tension of the cable and 
is freely falling.  
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Case II: Elevator Falling through Air  
In this case an elevator with larger mass will fall due to the fact that it is not 
attached to a cable. The force balance on the elevator is similar to what is shown in figure 
2-4, however the force of drag from air and gravity are larger; therefore the Reynolds 
number also is different and higher. 
 
Region II: Intermediate Region 0.3<Re< 1000  
In this unique case the drag coefficient is the inverse of the Reynolds, and drag 
can determine from the graph of Cd  vs. Re. For a more specific case such as spherical 
shape the Cd can be determined via equation 2-9 as shown below (102).  
𝑐𝑑 =
18.5
𝑅𝑒
0.6                       2-9 
The Re calculated for elevator exceeds 1000, and for an average elevator Re is 
2000, hence it is not in the region II and the calculation for terminal velocity needs to be 
performed based on the Cd on the body of the elevator.  
Region III: Newton’s Law 1000 <Re<200000 
In this region coefficient of the drag almost has a constant value with respect to 
the geometry of the system in free fall. For example in the case of spherical object Cd is 
0.44, therefore the terminal velocity equation for spherical object could be modified as 
shown in equation 2-10. Region IV: Re> 20000 is out of the scope of this study, more 
information can be found in the Hand book of Chemical engineering Chapter 5-59. 
𝑣𝑡 = 1.74 ∗ √
𝑔∗𝐷𝐵∗(𝜌𝐵−𝜌𝑀)
𝜌𝑀
  [m/s]     2-10 
When the elevator free falls, according to the laws of relativity, as long as the terminal 
velocity of an object does not exceed the terminal velocity of the elevator the passengers 
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and objects inside the elevator free fall as well or they float inside the system. Although 
the Reynolds number region at inside and outside of an elevator may not be the same, 
both systems will go under force a balance that results in weightlessness. Now if we go 
farther and look in to other systems such as airplane drop this scenario repeats itself.  
Case III - Air Plane Drop or Vomit Comet  
There has been tremendous amount of data collected on weightlessness during the 
flight of vomit comet. Figure 10 is describing this system and the time needed for this 
process. Depicting the condition of the vomit comet this figure was adapted from C98 
flight by NASA (3) 
 
 
 
 
 
 
 
 
  
 
 
Figure 10: Vomit Comet (3) 
 
  In the case of vomit comet, the airplane free falls from the rise to the fall in 
average time of 20 (s). The body of the plane is pulled down by the gravity and since 
there is no thrust power or velocity acting on the plane, it is only the gravity pull and the 
drag force that cause any system inside the vomit comet to free fall. Liu et al. conducted 
20 (s) window  
Liu’s Group 
experiment  
24 
an experiment in MU-300 double airplane for duration of 20 (s), which is the maximum 
time that MU-300 airplane can provide free fall close to weightlessness, or in other words 
simulate microgravity (100). These kinds of flights are extremely costly. According to 
zero-g cooperation the cost can range from $ 35000 to $ 250000 per two days flight. 
Case IV: Space Shuttle and International Space Station (ISS) 
 The purpose of this project was to develop a simulated microgravity system for 
study of nucleation and growth of minerals, however before doing that it is important to 
understand the physics behind microgravity and space travel. When the space shuttle is in 
its orbit, the shuttle is about 500-1000 km above the surface of the air at thermosphere. 
The temperature of this environment is extremely cold, however despite the common 
misconceptions there is a gravitational force that is pulling shuttle towards the center of 
the earth. The g in this case is about 90% of unit gravity (101). ISS or the shuttle can in 
fact orbit the earth because of the gravity. A space shuttle traveling with velocity of 7743 
m/s (usual average space shuttle velocity) and escaping the gravity pull, for each 8km of 
travel is falling 1m towards the earth. Also due to the curvature of the earth the shuttle 
keeps correcting its path to stay on the orbit and right Rotation per Minutes rate (RPM). 
At this RPM the shuttle not only is at escape velocity but also it is at free fall, and due to 
force balance it is also at microgravity. Figure 11 is a representation of this system. Note 
that the only time that a shuttle is in true microgravity is during deep space travel and far 
from any plant. As long as a shuttle is in proximity of a plant or orbiting that plant there 
will be a force of gravity acting on it. However it is possible to nullify this force via force 
balance, and create microgravity as it is in the case of ISS. In Figure 11, the space shuttle 
is falling the distance of Das shown. It is noteworthy that there is a thin air environment 
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in thermosphere, thus this case is like the elevator and previous cases involving the object 
falling in a medium. Therefore calculations for the Re can be done based on density of the 
shuttle and equivalent spherical diameter is in region III.  Figure 12 showing astronauts 
onboard of space shuttle during travel. The astronaut is falling inside the space shuttle 
towards the center of the earth with respect to its mass. However based on theory of 
relativity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Space Shuttle Orbiting the Earth 
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Figure 12: Astronaut Depicted Inside Space Shuttle Traveling at Terminal Velocity the 
astronaut is moving at same speed as the shuttle. Drawing of free falling astronaut is 
provided by Adam Guzowaki 
 
Inside the cabin of or on board of ISS the condition is 1 atm pressure 25 degree 
temperature and air flow is like sea level. Astronauts as mentioned above are free floating 
because of laws of relativity. Astronaut’s terminal velocity in this case will be governed 
by region I since the air surrounding them is not actually flowing. Due to the issues with 
human physiological adaptation, and hazards of space travel NASA has developed 
various systems to study the effect of microgravity on cells and biological systems, 
Synthecon bioreactor is one of such devices (78).  
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Case V: Synthecon Bioreactor  
 The Synthecon bioreactor is a rotary wall bioreactor that was designed to study 
cell behavior under variations in gravity. There have been numerous studies using this 
system (96-97). The physics of the system it is based on Newtonian force balance. The 
reactor uses the medium velocity to nullify the force of gravity, considering that a cell has 
a small mas and a density close to water. The system rotates between 1 and 44 RPM. 
Figure 13 depicts the FBD of this system.  
 
 
 
 
 
 
 
 
 
Figure 13: Synthecon Free body diagram  
 Although Synthecon is designed for specific range of density, the system will 
follow the same concepts as the previous cases. Table 7 provides a background and 
summary on the studies conducted in retaining wall systems such as synthecon. Table 6 
compares terminal velocity, volume and mass of all the cases discussed above. 
Table 6: Terminal Velocity and Data from Industrial Simulated Microgravity  
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Table 7: Rotating Wall System-Studies Conducted in Unit-G and Micro-G (103-115) 
 
The purpose of this project was to study the feasibility of nucleation and growth 
in simulated microgravity conditions run in unit gravity environments. It is important to 
keep the nucleation and growth of minerals in a closed system, therefore based on the 
physics of the Synthecon system and the fact that reaction needs a closed housing, a 
reaction housing needed to be developed. As in the physics of a space shuttle falling in 
space and astronauts inside the system in weightlessness, the outside of the sphere 
housing will be in Reynolds number of region II and inside will follow region I. Inside, as 
particles are forming and changing their mass, they will begin to sediment. Meanwhile 
author year Title Type Publication locationHypothesis key terms Key chapters level of gravityFocused Device Specification experimental computationalresult
Thales 
Alenia 
NA Life Science & Fluid 
Physics Equipment
overview THALES some of the bioreacters they have TBD TBD Unit-G Bioreactor Not 
reported 
yes No None
S Wang and 
et. Al
2001 Effect of Culture in a 
Rotating Wall Bioreactor on 
the Physiology of 
Differentiated Neuron-Like 
PC12 and SH-SY5Y Cells
Journal Vol 
83 Pg 574-
584
Journal of 
Cellular 
Biochemistr
y
differentiated PC12 and SH-SY5Y 
cells in the simulated microgravity 
HARV bioreactor resulted in high 
cell viability, moderate neurite 
extension, and cell aggregation 
accompanied by NO production
simulated 
microgravity; neurite; 
nitric oxide; glutamate
none Micro-G assessing 
changes in 
neuronal 
physiology 
during 
space  flight
High aspect 
ratio vessel 
(HARV)
PC12-
SH_SY5Y 
cell line
NO suggesting that microgravity 
associated changes in neuronal 
physiology, at the cellular level, can 
be studied in in vitro ground-based 
experiments.
M Lappa 2003 Organic Tissues in Rotating 
Bioreactors: Fluid-
Mechanical Aspects, 
Dynamic Growth Models, 
and Morphological 
Evolution
Journal Vol 
84-5 Pg 519-
523
Biotechnolo
gy and 
Bioengineer
ing 
tissue engineering; 
rotating vessel; growth 
ki- netics; fluid motion; 
mathematical models; 
moving boun- dary 
method; morphology 
evolution
Micro-G
T. 
G.Hammon
d and J.M. 
Hammond 
2001 Optimized suspension 
culture: the rotating wall 
vessel
Journal Vol 
281 Pg 12-
25
American 
Physiologic
al Society 
Condition in which optimizing the 
suspension culture 
laminar flow; 
bioproducts; 
microcarriers; shear; 
gene expression
none Unit-G and 
Micro-G
Suspension NASA 
Bioreactors 
Yes YES TBD
M. Holton 2002 The Impact of Gravity on 
Life
Report NASA Understanding Effect of Human 
Life Under Microgravity 
Microgravity- Cell- 
Bone 
None Micro-G Human RCCS 
NASA and 
Shuttle
Yes Yes Overall study on human adaptation 
under microgravity- physiology 
effect 
P.K Seshan 
and et.al
1985 Design Concepts For 
Bioreactor In Space 
Report Bioregenera
tive Life 
support 
Developing rotating wall reactor Bone-Cell- 
microgravity - 
None Micro-G Cell RCCS No YES Developing ground work for a 
bioreactor 
T. Liu and 
et .al 
2004 Analysis on forces and 
movement of cultivated 
particles in a rotating wall 
vessel bioreactor
Journal Vol 
18 Pg 97-
104
Biomedical 
engineering 
The force interaction inside the 
rotating wall reactors 
 Bioreactors; 
Microcarriers; 
Modelling; Tissue cell 
culture; Microgravity; 
Particle movement
None Micro-G Cell RCCS and 
RWC
Yes Yes "Relatively large piece of cultivated 
tissue, it can move around the inner 
wall only when the rotating speed of 
the outer cylinder is high. And the 
drag force acting on a particle inside 
RWV increases with the particle size 
and the density difference."
H. Gao and 
et.al 
1997 Dynamics of a microcarrier 
particles in the simulated 
microgravity 
Journal Hanser Developing a simulated 
microgravity system to study cell 
culture 
Microgravity- Cell- 
micro carriers- RWV
None Micro-G Physics 
behaind the 
rotating 
system 
RWV No Yes Based on Physics it is possible to 
develop a system to mimic 
microgravity and keep a solid 
particle in siumalted enviroment 
G 
Hammond 
and et .al 
2001 Optimized suspension 
culture: the rotating-wall 
vessel
Journal Vol 
281 Pg 12-
25
Journal  of 
Applied 
physics
Physivs behain the system Optimization None Micro-G Cell RWV No Yes There is optimum path that the object 
will be in simulated microgravity 
and it is possible to achive that via 
force balance 
R R 
Dedolph
1971 The Physical Basis of 
Gravity Stimulus 
Nullification by Clinostat 
Rotation1
Journal Vol 
47 Pg 756-
764
Plant 
Physics
rotationona horizontal axis clinostat 
removes plants fromt the influence 
of the gravitational stimulusis 
answered.
simulation clinostat none Micro-G Cell RWV NO Yes Physics of rotation in the system and 
microgravity simulation 
D. Wolf and 
et.al
1991 Analysis o Gravity Induced 
Particle motion and fluid 
perfusion flow in the NASA 
Reactor 
Report NASA Micro-G Human and 
Cell 
RCCS and 
RWC
Yes YES 
G Bancroft 
and et.al
2003 Design of a Flow Perfusion 
Bioreactor System for Bone 
Tissue-Engineering 
Applications
Journal 
Vol9
Tissue 
engineering 
Design of a Flow Prefusion Culture 
Bioreactor 
Bone cell- bioreactor none Unit-G and 
Micro-G
cell new design Yes No "This design is the outgrowth of im- 
portant design requirements and 
incorporates features crucial to 
successful experimentation with such 
a system."
R.Andreson 2004 effect of simulated 
microgravity and shear  on 
cell behavior 
theises university 
of florida
effect of microgravity on cell shape 
based on mechanical force 
interactions 
Microgravity- Cell- 
Bone - simulated 
systems 
Mechanism of 
microgravity
Micro-G cell 
signoling in 
2-D cell 
culture 
RCCS 
NASA 
bioreactor
Yes Yes shear effect on the cellchange in 
microgravity 
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the entire system is going to experience the velocity introduced by rotation of the 
housing. The RPM of the system and the overall density of the spherical housing will 
govern the outside velocity. Figure 14 is a simulation that was performed to define the 
effect of RPM versus the density change and diameter change in such system. Figure 15 
is another simulation based on both housing density change and particle density change 
and required RPM for keeping that system in microgravity.  
 
Figure 14: RPM vs Density inside Housing for Reaching Terminal Velocity  
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Figure 15: RPM vs Diameter and Density (Particle- Region I and Ball-Region III)   
 
 As previously stated, in the Synthecon system the RPM maximum is about 44, 
and as shown in the above simulation for a particle such as calcite with density of 2700 
kg/m^3, a larger RPM is required. Henceforth there was a need to design a rotary system 
that was capable of providing the appropriate range of RPM to achieve terminal velocity 
status in the test system. Based on the physics describing the Synthecon system, together 
with the fact that the range of operation of this device will be outside of housing region II 
and inside of housing region I, equation 2-11 describes the required RPM. 
𝑇𝑜𝑡𝑎𝑙𝑅𝑃𝑀 =  1.74 ∗
60
𝜋
∗ √𝐷𝑇 ∗ 𝑔 ∗ 𝐷𝑠𝑦 ∗
𝜌𝑠𝑦−𝜌𝑂𝑀+
1
𝑉𝑠𝑦
∗(𝑀𝑝−𝑀𝑖𝑚)
6∗𝜇𝑂𝑀
   2-11  
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 This equation states that the RPM of overall system is such that the housing and 
the particle within will be at terminal velocity. In this equation DT is diameter of the tank, 
Dsy is the diameter of the reaction housing, ρsy density of reactor housing,  ρom  is the 
density of the outer medium, Mp  is the mass of particles inside the housing,  Mim is the 
mass of inner fluid, and the Mom is mass of outer fluid. The fluid mechanics in this 
system is quite complicated and out of the scope of this study (102,111).  
 A column with an upward vertical flow can also nullify the effects of gravity on 
particle mass. However, in this case, the physics in this situation mimics an elevator drop, 
outside of this system is under region II and inside is under region I conditions. The 
terminal velocity in this case can be calculated using equation 2-12. In this equation Vsy is 
the volume of reactor housing. 
𝑣𝑡 = 1.74 ∗ √𝑔 ∗ 𝐷𝑠𝑦 ∗ (
1
𝑉𝑠𝑦∗𝜌𝑂𝑀
∗ (𝑀𝑠𝑦 + 𝑀𝑝 + 𝑀𝑖𝑚) − 1)    2-12 
For this case, it was considered that the reaction between solution A and Solution 
B results completely in calcite formation as shown in Figure 16.  
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Figure 16:  Simulation of terminal velocity 
The next step in this project is to understand the basics of nucleation and growth 
for propose of duplicating Liu et al.’s (100) experiment. More information on materials 
and general information about minerals is provided in Appendix D-1. Nucleation is the 
formation of a crystal due to a phase change from liquid to solid. The nucleation of 
calcite crystal is an example. Nucleation occurs due to energy exchange in a solution. 
Free energy is the main reason for phase transition and crystal development. Free energy 
could be affected by chemical concentration, viscosity, temperature, ionic strength, pH, 
impurity or existence of a solid surface in the system. If the free energy is small and 
chemicals in the solution gain enough energy to pass the energy requirement to minimize 
the distance between molecules and produce stronger intermolecular forces (become 
more stable), system is at nucleation and unit-cell crystal will be produced. This process 
is dependent on the number of ions in the system and the concentration of chemicals, 
because an increase in concentration of ions, results in an increase in the probability of 
interactions between chemicals, and interactions between chemicals increases the rate of 
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reaction in the system. This will affect the overall entropy of the solution. Nucleation site 
is an embryo of a solid in old liquid phase. As bonds between elements of solid are 
forming, the neighboring elements in solution are pulling against the solid through 
intermolecular force. This can cause instability in the system. In order for the crystal to 
grow, nucleation has to overcome this energy barrier as shown in Figure 17. Based on the 
size of nucleation, the overall free energy depends upon the energy balances between the 
interfacial energy (red) associated with the formation of new surfaces, and the negative 
free energy associated with the particle volume (blue). For example overall free energy of 
calcite formation; ΔG =-1129.1 [kj/mol] (116).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Energetics of Nucleation  
 
 
 
Nucleation favors lower energy, therefore introducing solid surface to the system 
increases the chance of nucleation. Nucleation could be homogeneous or heterogeneous 
or combination of both. According to Liu et al., in microgravity free convection is absent, 
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and as such they postulate that a delay in nucleation and growth is a direct result of this 
condition (100,102).  
This study proposes to develop experimental test systems to evaluate the 
nucleation and growth of calcite forming in microgravity and unit gravity conditions, 
according to stoichiometry of calcite formation give in equation 2-13 below. 
Sol A: CaCl2 + H2O  Ca(OH)2 +2 HCl      
Sol B: NaCO3 + H2O  NaHCO3 + NaOH      2-13 
Sol A+ Sol B  CaCO3 + 2NaCl +3H2O 
 
 
 
 
 
 
 
 
 
Figure 18: Formation of calcite Sol A adding to Sol B causing the white crystal of calcite 
to form 
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CHAPTER 3 
EXPERIMENTAL TEST SYSTEMS, METHODS AND MATERIALS 
This section provides details of experimental systems, methods and materials 
developed for use in investigating adaptive rate processes of material systems in real time 
under simulated microgravity test conditions while simultaneously executed in a unit 
gravity environment. For proof of concept demonstration purposes, the well-known 
calcite mineralization process was investigated. Calcite, also known as calcium carbonate 
(CaCO3), and its chemical precursors calcium chloride (CaCl2) and sodium carbonate 
(Na2CO3), represent a well-characterized mineral system that has been well studied in 
unit gravity environments. However, its formation has also been recently reported by Liu 
et al to be responsive, i.e., adapt, to microgravity conditions, induced by high altitude 
plane stalls, such that the nucleation and growth of CaCO3 was suppressed and 
hypothesized to be a result of the absence of free convection transport processes, i.e.,‘free 
convection-less’ processes (Liu). It is this mass action ‘duality’ of calcite behavior that 
served as the impetus, as well as, a model test system for experimental studies described 
herein (100).  
3.1 Overview of the Experimental Plan 
 
The experimental section is divided into four major sub-sections as summarized 
in Figure 19. The objective of Phase 1 experiments was to develop the test system and 
verify the nucleation and growth of calcite under unit gravity influence. The objective of 
Phase 2 was to develop design strategies leading to a viable test system that would allow 
the study of calcite formation in both unit and isolated microgravity environments. The 
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main focus of the Phase 3 experimental agenda was to develop and evaluate experimental 
in vitro test systems that allows the study of calcite formation in both unit and isolated 
microgravity environments achieved by particle free fall conditions resulting in terminal 
velocity conditions to be reached on bench top in a unit gravity test environment. Phase 4 
of this study was employed throughout the project as needed which involved the selection 
and use of characterization methods capable of verifying characteristics of the nucleation 
and growth of calcite.  
 
 
Figure 19: Overview of Experimental Plan 
 
3-2 PHASE I - CALCITE MINERALIZATION INTRODUCTORY STUDIES 
 The main objective of phase 1 of this study was to develop standard techniques to 
carry out the calcite mineralization reaction, as described in equation 3-1 below under 
unit gravity, reproducibly, for selected chemical precursor concentrations and desired 
environmental conditions. In addition, selected characterization techniques were also 
performed and are described in more detail below. Also, adherence to MSDS chemical 
handling safety precautions and related safety procedures was a primary consideration 
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given in this phase of the experiments and all other phases and all safety protocols 
followed can be found in Appendix A.  
   CaCl2 + NaCO3  CaCO3 + 2NaCl   3-1 
The calcite mineralization studies were carried out in several steps as summarized in  
 
 
 
 
 
 
 
 
Figure 20: Calcite Nucleation and Growth Studies - Unit Gravity 
Step 3-1-A: Calcite Precursor Concentration: Effect on CaCO3 Nucleation and Growth 
 Stock solutions of CaCl2 (solution A) and NaCO3 (solution B) served as precursors 
to calcium carbonate (CaCO3) formation. Starting with the solubility limit of calcium 
chloride (0.0745 gr of CaCl2 in 1ml of deionized (DI and Revers Osmosis water), serial 
dilutions were made to this saturated level of calcium chloride (sol A). Similarly a series 
of sodium carbonate solutions (Sol B) were also made starting its solubility limit in water 
(0.0714 gr Na2CO3 in 1ml of DI water) at T=25°c, and pH = 7. Solutions (A and B) were 
made via dissolving solid chemical in the DI water and stored in clean 250 ml glass 
bottles. Variances in weight measurements were +/- 5%.  Note that secondary 
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mineralization processes, such as, aging and agglomeration were beyond the scope of this 
study.  
Table 8: Calcite Precursor Concentration   
Dilution H2O (ml) CaCl2 (gr/ml) Na2CO3 (gr/ml) CaCO3 (gr/ml) Saturation  
1 0.0745 0.0714 0.067 100% 
40 0.0018625 0.001785 0.0402 60% 
50 0.00149 0.001428 0.0355 50% 
60 0.001241667 0.00119 0.0268 40% 
70 0.001064286 0.00102 0.0201 30% 
80 0.00093125 0.0008925 0.0134 20% 
90 0.000827778 0.000793333 0.0067 10% 
100 0.000745 0.000714 0.00067 1% 
 
 Calcite mineralization studies conducted at unit gravity conditions were 
performed as follows. Clean plastic pipettes were used to transfer 2 ml of both sol A and 
sol B from glass bottles containing stock precursor solutions into a clean test tube and 
then mixed gently. Formation of calcite was qualitatively determined as the time when 
the clear mixture of Sol A and Sol B underwent a clearly observable color change to the 
naked eye. Calcite formation was also quantitatively verified by x-ray diffraction (XRD). 
Table 8 summarizes the range of chemical precursor concentrations, i.e., CaCl2 and 
Na2CO3 that was used for the preliminary calcite formation and growth studies. Figure 21 
depicts the experimental setup used. Note there were two sets of test tubes used; one set 
for control containing only clear DI water and the other contained the mixed calcite 
precursor solution. The blue color background and the light fixture fixed above the 
reaction were utilized to enhance direct visualization of calcite formation.  
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Figure 21: Test set up for direct visual observation of calcite formation 
 Rates and mechanisms of mineral formation and transformation are regulated by 
conditions in the solution and at the solution-mineral interface. Thermodynamic factors, 
such as, solution pH, degree of mineral saturation, ionic strength, temperature and the 
extent of ion association regulate mineral crystallization processes. In this study, only the 
effects of solution pH and surface energy on calcite mineral formation were investigated. 
Step 3-1-B: Would the effect of pH on calcite formation change 
The effect of pH on calcite formation was conducted by varying the pH (5 < pH < 7) of 
the distilled (DI) water used in the calcite mineralization experiments.  
Step 3-1-C: Effect of Surface Energetics on Calcite Nucleation 
 In heterogeneous nucleation of minerals, such as calcite, stable solid calcite nuclei 
form at the solution-mineral interface, i.e., on the walls of the container and only if the 
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activation energy barrier in the system is surmounted. As such, the potential effect of 
glass and plastic mixing chambers, i.e., test tubes, may have on the nucleation and growth 
of calcite warranted a preliminary investigation of the effect of surface energetics on 
calcite nucleation and growth. Figure 22 depicts the experimental set up used to study the 
growth and nucleation of calcite in different material test systems. Calcite nucleation and 
growth was studied in the presence of different reaction chamber systems (glass reaction 
chamber on left; plastic reaction chamber on right) by mixing calcium chloride [CaCl2 = 
0.0018625 gr/ml] to sodium bicarbonate [Na2CO3 = 0.001785 gr/ml]. As shown in Figure 
22; Note picture on the left was captured using 1/4000 (s) camera. Calcite sample for 
XRD verification was collected using microfiltration separation methods. 
 
 
 
  
 
 
 
Figure 22: Calcite Formation in Glass and Plastic Containers 
  Phase II DESIGN OF CALCITE REACTION CHAMBER  
 As the purpose of this study was to explore the nucleation and growth of calcite in 
microgravity conditions in a unit gravity environment, the design of a novel test system 
was required and requisite to attaining the objectives of this project.  The design goal was 
to design a reaction housing that allowed the mixing of the two separated calcite 
precursors to occur in a clear, solid chamber held at terminal velocity conditions. It is 
also important that this reaction chamber allow for the in situ reaction of precursors sol A 
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and sol B to begin only after the chamber is placed under microgravity conditions and the 
reaction allowed to proceed thereafter under microgravity influence. Another crucial 
design specification is that the reaction chamber, envisioned to be run immersed in a 
dynamic, fluid flow system as a practical means of minimizing any external forces, 
would be free of bulk convective fluid motion as it would avert a free-convection-less 
condition that is to be maintained as the reaction proceeds.  
 As there is potentially more than one design concept that would satisfy the 
research project needs, the identification of the most viable concept for the reactor 
housing design was the focus of this design approach. As such, a standard design concept 
development process was implemented starting with the identification of the project 
needs and related metrics which is expected to lead to the determination of the most 
dominant concept and associated reaction chamber target specifications. The 
experimental design approach began with listing the design needs as shown in Table 9 
and followed by a needs-metric matrix displayed in Table 9. 
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Table 9: Calcite Reaction Chamber Design Needs 
Metric 
# Need # Metric Important  Units 
1 3,4,7 Total mass 5 Kg 
2 1,4,7,6 Volume 5 M^3 
3 2,7,8,10 Time before mixing  5 S 
4 6,12,13 Pressure inside  3 N/m^2 
5 12,13 Velocity inside 4 m/s- RPM 
6 17,16,14 Temperature change constant  2 c  
7 15,14,16 pH constant 1 Ph range  
8 11,8 Cost within reason  5 US $ 
9 5,13 Not Dissolvable  2 N 
10 7,8,11 Time of assembly  3 s 
11 10, 9 Safety - lifetime  5 Cycle 
12 18,3,2 Visible  5 Lm 
13 17 Chemical reaction  4 Rxn 
14 15 Heat transfer  4 kJ 
15 11,7 Special system  3 List  
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Table 10: Design Need - Metric Matrix for Reactor Housing Chamber 
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# Need                             
1 
Two individual 
compartment   *                         
2 
Mixing with in reasonable 
time     *                 *     
3 Clear and visible *                     *     
4 Reasonable size * *                         
5 
Body not dissolvable in 
water                 *           
6 Density reasonable   *   *                     
7 Easily put together * * *             *       * 
8 
Cost-efficient 
(development and 
material)     *         *   *         
9 Re-usable                     *       
1
0 Safe to use                     *       
1
1 Easy to develop               *   *       * 
1
2 
No chemical change in 
system       * *                   
1
3 
No effect on the flow in 
system       * *       *           
1
4 No temperature change           * *               
1
5 
No effect on nucleation as 
much as we can             *               
1
6 
Consistent condition in u-
G and m-G (pH)           * *               
1
7 
Not contaminating the 
bioreactor           *             *   
1 Visible observation                        *     
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Once the needs and needs-metric matrix was established (Table 10), the next step was to 
employ a concept generation algorithm depicted schematically in Figure 23 & Figure 24.  
 
 
 
  
 
  
Figure 23 Concept Generation Diagram for Reactor Housing. 
 
 
 
 
 
 
 
 
 
Figure 24: Concept generation process illustrating potential mechanisms for remote 
mixing 
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 One of the dominant concepts for the reaction chamber design that was 
considered in concept generation was a system comprised of a clear plastic shell made of 
two haves that contained reservoir chamber that had the ability to fill and store calcite 
precursors sol A and sol B in separated compartments until a predetermined time period 
had elapsed before inducing mixing of these precursor solutions.  
 Translation of this concept into an experimental reactor test system led to the 
development of spherical housing containing two compartments, each having two small 
access ports, with one used to inject calcite reactants while the other serving as an air 
vent to allow air to be displaced form the chamber and vented into the atmosphere., The 
reaction chamber housing was devised from modification of a clear plastic capsule  used 
to contain small toys in larger packages for sale in retail stores and also used in 
commercial toy vending machines.  The reactor system was derived from an off the shelf 
component of a so-called ‘Squinkies Zinkies’ product (117).  Comprised of an empty 
clear plastic sphere with diameter of 15.5 mm, two holes were drilled at the apex of each 
half as shown in Figure 25. 
 As used, 1 ml of solutions A and B of known concentrations were infused via a 
disposable syringe gauge 18 into each half reaction chambers that were separated with a 
temporary barrier in a sequential manner to avoid premature mixing while allowing air to 
be displaced and vented into the atmosphere via the other hole. After filling the fluid 
reservoirs, both the injection and air displacement ports were sealed with ParafilmR. Note 
that it was important to maintain the center gravity of the reaction chamber at or very 
near the chamber midsection to minimize chamber rotation and inadvertent fluid mixing 
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in the reaction chamber when placed in a flow field. Sol A and sol B densities were 
determined using a pycnometer and adjusted accordingly when desired 
 
 
 
 
 
 
 
 
Figure 25: Modified Zinkies Reaction Chamber   
 While the shell component of the reaction chamber housing shown in Figure 24 
met experimental test specifications, a key design feature still needed was a reaction 
chamber element that could function in a manner to delay the induction of calcite 
precursor solutions from mixing until such time was desired and without interfering with 
subsequent chemical reaction mechanisms once employed. Such a reaction chamber 
feature would need to meet the delay time necessary to assemble the reaction chamber 
and prime with sol A and sol B while still having additional time to place the chamber in 
a microgravity test system (described in more detail below) that was allowed to utilize 
additional time to achieve microgravity conditions prior to mixing the calcite reactants.  
 A number of alternative design concepts of the time delay element were 
considered which are described in Figure 24. The dominant design concept that met the 
specifications required for this reaction chamber feature was a glass tube transfixed 
across a thin, solid circular Plexiglass element. The key feature of this composite 
structure was the ability to temporarily immerse this element in a separate spherical 
housing of slightly smaller diameter than the reaction chamber and then filled with water 
after which was subsequently frozen. Once this middle layer ice barrier element was 
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frozen, it could then be placed snuggly into the reaction chamber to serve as a reactor 
mixing delay element.  
 Once fully assembled, it was then possible to inject the calcite reactants (sol A 
/sol B), as briefly described above, into the reactor chamber and then subsequently place 
the reactor chamber immediately in the microgravity test system, described below, with 
enough time to allow the test system to achieve microgravity conditions prior to ice 
melting and subsequent mixing of reactants.  As depicted schematically in Figure 26a (no 
ice) and Figure 26b (with ice), this middle layer ice barrier element consist of four 
components:  a solid continuous ice section in the shape of dumbbell (0.8 ml H20), a 
glass cylindrical core (7.5 x 3x 4 mm^3), a flexible plastic layer, and a rigid PlexiglassR 
plastic ring (1 x 2 x13.5 mm^3) that is force fitted in the middle section of the reaction 
chamber housing. Each reactor chamber component was wrapped with ParafilmR to avoid 
reactant leakage and dilution.  
 
 
                (a)             (b) 
Figure 26: Calcite Reaction Chamber Barrier Element  (a) No Ice (b) Time Delay Ice 
Element 
 When fully assembled, the reaction chamber system has the capacity to hold fluid 
(reactants), up to 1 ml, remove an equal volume of displaced gas (air), separate reactants 
for a desired time delay period and fit into microgravity-induced fluid experimental 
systems, i.e., rotating chambers and rigid cylindrical tubes, that can house spherical  
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Reactor systems up to 1.5 cm in diameter as shown in Figure 27 a; A schematic depiction 
of a fully assembled reactor chamber is shown in Figure 27b. 
  
 
 
    (a)         (b)  
 
 
Figure 27: (a) Reaction Chamber Functionality (b) Reaction Chamber Assembly with Ice 
Barrier Middle Layer Element 
 Note that the dilution effects from the dissolution of the middle ice barrier was 
accounted for in the calcite reaction tests conducted under both unit gravity and simulated 
microgravity conditions. With the design of the reactor chamber completed, the 
remaining portion of the Experimental section describes the simulated microgravity test 
systems devised and operational procedures and conditions. 
SIMULATED MICROGRAVITY TEST SYSTEMS AND ENVIRONMENT 
   
 Recalling that the hypothesis of this investigation was to determine the feasibility 
of investigating mineral nucleation and growth in a simulated microgravity environment 
in a manner that can be compared to the same reaction conducted under unit gravity 
conditions, it was also necessary to devise microgravity test systems that would allow the 
particles arising from calcite nucleation and growth to achieve ‘terminal velocity 
conditions’ once formed as described and justified in the Theory section.  Another 
requirement of these microgravity test systems was that they are absent of appreciable 
bulk flow conditions in the reaction chamber that emanate from external fluid flow 
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perturbations. This requirement would assure that free convection effects arising from 
within a reaction chamber that was operating under gravitational force fields would be 
essentially absent under simulated microgravity conditions.  
With these experimental test specifications now met, two experimental systems 
were designed and utilized in this study to investigate the claims of Liu et al.  Test 
System I (Sys I) simulated microgravity in a rotational system, similar to the well known 
orbiting space shuttle or station, which was a modification of the Synthecon system 
designed by NASA contractors (Willy Labs) and used to test living cell systems under 
simulated microgravity states but operated in a unit gravity environment. System II (Sys 
II) was a vertical rigid column design that simulated microgravity in a manner akin to 
well-known ‘free fall in an elevator’ condition (refer to Table 7). 
ROTATING WALL SIMULATEED MICROGRAVITY REACTOR TEST 
SYSTEM (SYSTEM I)  
 The Synthecon bioreactor was developed in the 1990’s for studying adaption of 
cells in simulated microgravity conditions. Inspired by this system, a rotational system 
was developed with the use of single axial motor (Cole PalmerR peristaltic pump) and 
controller, the reservoir design was a cylindrical glass with diameter of 95mm and height 
of 45 mm. Several design modifications were considered for this system but only one 
rotating test system is described herein. Other modifications are kept on file and available 
in ASU BioICAS Lab.   
 A modified fluid reservoir housing was attached to the motor central rotating axis 
as seen in Figure 28. Also a custom fluid reservoir system was connected to the Cole 
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Palmer motor shaft via three 6-40 screws fastened to a custom plastic plate which was 
fitted inside a plastic lip and then sealed with ParafilmR . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28: Motor and Glass reservoir 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29: Rotating Wall System Motor Shaft motor. 
 Test System II utilizes DI water (T=25°c and pH=7) as the carrier fluid in which 
the reactor chamber is immersed. In operation, the Rxn chamber was placed in the custom 
cylindrical chamber and then the liquid-filled reservoir chamber housing the reaction 
chamber was then closed connected to the motor shaft. The rotating pump settings were 
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varied between 10-500 RPM start and adjusted based on the growth of crystal, and RPM. 
A control box as shown in Figure 30 set the latter    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30: (a) Motor Control Box and (b) RPM Relationship  
A version of the experimental test system (System II) utilized to investigate simulated 
microgravity environments is shown in Figure 31.  
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Figure 31: Preliminary Test for Simulated Microgravity 
[320 RPM; metal sphere (d = 3mm); (D= 95mm and H= 45 mm]    
SYSTEM II - VERTICAL COLUMN SIMULATED MICROGRAVITY 
SYSTEM 
 The goal was to develop a practical to use bench top model that simulates 
microgravity.  One attractive system, shown in Figure 32 below, operates with a one 
directional, single pass flow of H2O (from a laboratory faucet) and is simple to assemble 
and disassemble. As such, it can accept the reactor chamber housing within a time frame 
that does not exceed the time of ice dissolution from the middle layer separation barrier. , 
This test device is quite simple to construct and use.  It is constructed from a clear plastic 
tube (30 x 38 x 360 mm), for the flow and visualization, connectors, flexible tubing 
(swimming pool draining hose - diameter of 44 mm and length 640mm and 510 mm). 
The remaining components included 20 cm connectorc, hose clamps, ParafilmR and 
TeflonR tape. 
Reaction 
Chamber  
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Figure 32: Vertical Column Simulated Microgravity System (System) 
 Figure 33 shows the actual experimental system in full assembly.  Connected to 
the sink and flow of the water, this system allows for 1-D flow from bottom to the top of 
the clear tube pathway. Changes in reactor chamber density over reaction time are 
compensated with increased external flows. 
 
Figure 33:  Picture of Test System II 
  
In operation, the fully prepared and assembled reactor chamber (spherical ball 
with an external weight) was dropped into the flow field of the vertical column test 
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section from the top of the clear tube that was made easily removable. Once the reactor 
chamber was maintained at a fixed height that essentially indicates terminal velocity 
conditions are achieved, direct visualization of calcite formation was used to determine 
any differences in formation time between unit gravity and simulated microgravity 
experimental results. 
MATERIAL CHARACTERIZATION and VERIFICATION  
 
 The goal of this study was to verify whether the study reported by Liu’s group 
could be duplicated on earth and, if so, would it be possible to verify their results of the 
effects of microgravity on incipient mineralization of calcite.  
 Before proceeding with actual calcite mineralization experiments, microgravity 
studies were performed using 3-5 um Aluminum powder particles (cite vendor here)) that 
were placed directly in the rotating cylinder reservoir. Safe handling of micro and 
nanoparticles was adhered to according to protocols found in Appendix B.   
Additional modifications of the reaction chamber housing were also necessary to 
account for density differences arising from calcite nucleation and growth occurring in 
microgravity conditions. Specifically, this entailed modifying the density of clear plastic 
housing of the reaction chamber by adding a copper paste (density = 7.8 gr/cm3), 
comprised of a copper, plastic coloring and clear nail polish as an adhesive. Calculation 
of average density modifications can be found in Appendix B.  The protocol of making 
the copper paste with different densities can be found in Appendix B.  
 Also, color changes arising from the Tyndall effect were utilized to determine 
relative calcite formation under both unit and a microgravity condition was also utilized. 
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The interactions of light with the surface of the particles allows for color change, in this 
case the color change is from clear to white.   
  In addition to determining calcite formation by direct visualization techniques, 
staining methods were used. For calcium-based crystals, Alizarin Red, when reacting 
with calcium, the test fluid changes from red-orange to dark pink. As such it was used to 
identify the existence of calcium in calcite reactions. More information on Alizarin is 
provided in Appendix C-4. Limitation on the staining is dependent on the condition that 
alizarin was developed as well as pH sensitivity.  
Distribution of calcite particles included optical microscopy, scanning electron 
microscopy (Xl-30) (SEM).  More information on the operation of the SEM is provided 
in Appendix C-1. Dynamic Light Scattering (DLS) was performed with a Beckman 
Coulter Delsa nano system, provided quantitative, real time dynamic information of the 
nucleation and growth of calcite. DLS was used to characterize calcite nucleation and 
growth, i.e., size and size distribution s in real time) in both unit and microgravity 
conditions.  More information on DLS is provided in Appendix C-2. Finally, X-Ray 
diffraction was utilized to verify calcite formation using a white powder in the system. 
More information on XRD is provided in Appendix C-3 
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CHAPTER 4 
RESULT 
 
 The following are the result collected during investigation on feasibility of 
studying mineralization of calcite in simulated microgravity under unit microgravity for 
contrasting the study down by Liu’s group on this topic in simulated microgravity via 
airplane drop (100).  
 
 CALCITE FORMATION RESULT  
 
Saturation calculation was performed via using handbook of chemistry and 
physics, the process shown in the below in equation 4-1-1. Chemical reaction were 
performed and the time of first change in the reaction was observed Figure 34 is the 
summary of that the original recording presented in the Appendix A.  
CaCl2+ Na2CO3  1* CaCO3 + 2 NaCl +3*H2O             Eq 4-1-1 
CaCl2: 0.745
𝑔𝑟
𝑚𝑙
∗
1
110(𝑔𝑟)
= 0.0067
1
𝑚𝑙
 start limiting factor            
Na2CO3: 0.0067 *105.99 = 0.07114
𝑔𝑟
𝑚𝑙
               
CaCO3: Eq 4-1: Eq 4-2 +Eq 4-3  0.0067*100.9 = 0.067
𝑔𝑟
𝑚𝑙
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Figure 34: Time of first observing the change in the chemical reaction vs. Precursors 
concentration    
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In the Figure 35 pH of DI water was measured with an electronic pH meter as it 
shown in above the graph shift from right to leave when pH is 6 at initial state. pH of 
overall product is basic and around 11. Another test was conducted understanding 
different surfaces to grow crystal for example glass vs. plastic Figure 36 shows the top 
graph is the concentration variation of CaCl2 and the bottom is based on Na2CO3, glass 
and plastic times are relative.  
 
.  
Figure 35: pH Sensitivity of Chemical Reaction of Calcite  
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Figure 36:  Effect of Plastic and Glass Surface vs Time of Calcite Formation  
In the Figure 37 Section A is a calcite crystal under microscopy magnification 
1000X the cubic nature of calcite shown in the image, Section B frequency and size of 
calcite crystals magnification 200X, precursors for both A and B where at room 
temperature. Section C magnification 200X crystals of calcite, and Section D calcite 
magnification 200X under polarize light. For C and D precursors were in ice form before 
start of reaction.  Followed by Figure 38 Note that the images was taken after filtration 
from the solutions, Section A Calcite grown on surface of glass magnification 500X, 
most of the crystals have fine edges, Section B magnification 12000X edges are sharp 
and it shows the glimpse of size verse frequency. Section C 1000X magnification calcite 
grown on plastic surface size and shape of the crystals are shown, Section D 
y = 0.0646x-0.734
R² = 0.82134
y = 0.08x-0.622
R² = 0.6926
0.00
5.00
10.00
15.00
20.00
25.00
30.00
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
T
IM
E
 O
F
 F
IR
ST
 O
B
SE
R
V
E
D
 
C
A
L
C
IT
E
 (
S)
CACL2 [GR/ML]
Glass Plastic Power (Glass) Power (Plastic )
y = 0.0398x-0.787
R² = 0.4804
y = 0.0367x-0.864
R² = 0.6385
0.00
50.00
100.00
150.00
200.00
0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080
T
IM
E
 F
IR
ST
 O
B
SE
R
V
A
T
IO
N
 
(S
)
NA2CO3 [GR/ML]
Glass Plastic Power (Glass) Power (Plastic)
60 
magnification 5000X, more of the interest was to focus on the edges of the crystals that 
shown more rounded shape.    
 
 
 
 
 
 
 
 
 
 
 
Figure 37: Calcite Unit-G Optical Microscopy Ice vs. Room Temperature Pre cursors 
A(500x), B(100X), C(200X) and D(200X) Optical Zoom.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38: Calcite Grown on Glass vs. Plastic surface SEM Imaging 
 
In the Figure 39 Size of the particles were measured from the microscopy images 
using scale bar for microscopy and ImageJ software for SEM images. Maximum 
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frequency was from the 6 micron particles, next most popular is 21 micron. Followed by 
DLS raw data in Figures 40 and 41. 
 
 
Figure 39: Size vs. Frequency of Calcite Grown on Glass from Microscopy  
 
 
Figure 40: Variation of Concentration of Precursors Growth Effect DLS 
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Figure 41: Unit-Gravity dynamic recording of the time and particles formation in solution  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42: X-ray Diffraction of Unit Gravity Calcite and Standard of CaCo3 & NaCl 
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SYSTEM DESIGN RESULT  
Final specification of spherical housing for calcite, density reported in this table is 
only based on the sphere ball and does not account for calcite grow or the past required 
for experiment in microgravity – the more detail drawing was shown in Figure 43. 
Table 11: Final Specification of Reaction Housing   
Final Specification Housing   
Shape: Sphere 
Inner Diameter =13.5 mm 
Outer Diameter=15.5 mm 
Diameter of hole = 1.5 mm 
Purchased at = http://www.squinkies.com/ 
Material: Plastic - Reusable 
Density= 0.89 gr/cm^3 
Color: Clear- Optical Visualization 
Weight = 0.5693 gr 
Middle layer 
 Ice - Layer Volume of H2O =0.8 ml 
Glass tube Dimensions = 7.5 x 3x 4 mm 
Plexi Glass Dimensions = 1 x 2 x13.5 mm 
Overall Density of System Density = 0.86 gr/cm^3 
Total Time of Melting T= ~ 180 (s) 
 
 
Figure 43: Middle Part Drawing and Ice As it shown in the figure below when the shaft 
moves the housing rotate with the system RPM of the motor causing the fluid inside to 
rotate and have a velocity. 
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Table 12: Final specification of Rotery System  
 
Rotary System    
Reservoir   
Material = Glass 
Thickness =3mm 
Diameter = 95mm 
Cap and Motor Shaft Connector  
Shaft Connector Material: 
Plexi Glass  
Three- # 4-40 Screw and Nuts 
Flexible Plastic to lock the leak  
Connection Part to the Motor Shaft 
Motor Shaft  Cole-Parmer Metal Shaft  
Motor  
Cole-Parmer Peristaltic Pump MOD 
7016 
Control Box for RPM  Dial Control Connector for Cole-Parmer  
 
Table 13: Vertical System Final Specification  
 
Vertical System    
Material  
Plastic tube Connection to the Sink  
Laboratory sink  
Teflon Tap  
Parafilm  
Metal Clamps  
Pool Hose 
Clear Plexi Glass Tube  
PVC Connectors  
Sink Connector  
20 cm Hight  
2.5 cm Input Diameter  
4.4 cm Output Diameter  
Hose Clamps Three- 2.5 Inch Metal Clamps 
Blue Pool Hose  Two 4.4 cm Diameter and 64 cm Length  
Clear Plexi Glass Tube 30 x 38 x 360 mm  
PVC Connectors  
Three 90 degree 2 Inch Connectors 
One 45 degrees 2- Inch Connector  
One 45 degrees 1- Inch Connector  
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The video of each system captured and it is available for viewing under the link was 
provided.  
Table 14: Links for the Videos of Simulated Microgravity Systems  
System Link To the Video 
Synthecon http://www.youtube.com/watch?v=1t3MTr0cQi0&feature=youtu.be 
Co-pamer http://www.youtube.com/watch?v=7JB7Xr4P3V8 
 
Vertical system  
http://www.youtube.com/watch?v=dAXE-JYVBqo&feature=youtu.be 
 
SIMULATED MICROGRAVITY RESULT  
 
Figure 44 shows microgravity build calcite on left, unit gravity on the right. This 
picture was taken from microscope.  Followed by XRD, SEM and DLS data.   
 
 
Figure 44: Optical Microscopy Microgravity vs. Unit-gravity (20X –TMS Nikon)  
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SEM images captured for more information on morphology of crystal Figure 45 is SEM 
images of solution at saturation and develop calcite A, D is a calcite in 500x, B, E is 2500 
X magnification, is 10000X C, F. A,B and C was develop in unit g while D, E and F was 
made in simulated microgravity system II.  
 
 
Figure 45: SEM (Xl-30 Phillips) Microgravity vs. Unit-Gravity at saturation  
In the other saturation percent’s also morphology seems different look at figure 46 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46: A is 10000X unit-G calcite from 50%saturation, the B is 10000X micro- G 
same saturation as figure show in B there are both spherical and cubic form exist. Figure 
C is 10000X 20% saturated unit-G and D is 20% saturated 10000X micro-G.  
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Figure 47: X-Ray Diffraction (a) Microgravity, (b) Microgravity and Unit Gravity  
(a) 
(b) 
68 
DLS result for unit gravity and microgravity was conducted after completion of the 
experiment. Figure 48 result of those test.  
 
 Figure 48: DLS Microgravity and Unit gravity section 1 is all data together; section 2 is 
only saturated plot, section 3 is 50% saturation and section 4 is 20% saturation.   
 
The raw data collected from the observation of unit and microgravity (vertical column) 
are presented in Table 15. 
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Table 15: Summary of Results from Calcite Formation in Micro-G and Unit-G 
 
 
 
 
Figure 49: Observation from Unit-G and Micro-G for Calcite Formation 
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CHAPTER 5 
DISCUSSION 
 The overall goal of this research project was to assess the feasibility of 
investigating the effects of microgravity on mineralization systems in unit gravity 
environments. In order to achieve this, it was necessary to devise a prototypical 
experimental test system that could simulate microgravity conditions which was 
subsequently used to verify results reported by Liu and et.al (100) of the nucleation and 
growth of calcite mineral under simulated microgravity condition. As shown in Figure 
50, the summary of the most pertinent results will be discussed in detail in this chapter as 
exhibited in Figure 51. 
 
Figure 50: Summary of the experimental  
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Figure 51: Summary of the results, red denotes calculated values that are not from 
experiments. 
DISSCUSION ON CALCITE FORMATION IN UNIT GRAVITY  
  
 In the beginning of this project series of experiments were conducted to 
investigate the effect of microgravity on the nucleation and growth of calcite. In this 
study, the direct visual observation of calcite formation was used whereby calcite particle 
formation above 35 m was possible based upon a distinct change in solution color. The 
time that a color change was detected was typically much after incipient nucleation of the 
mineral. The nucleation and growth of calcite solutions over a wide range of saturation  
(20-100% saturation) was studied in this manner.  Results obtained from direct 
observation of calcite mineralization are shown in Figure 36. As evident in the figure, the 
data suggest a power law dependency on calcite precursor concentration. As shown in 
Figure 36, as reactant concentration decreases, the time of first observing calcite 
formation increases. The site of calcite formation was observed to vary from the walls of 
the reaction chamber (heterogeneous nucleation) to the solution (homogeneous 
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nucleation) as reactant concentration increased. With a slight difference in density 
between Sol A and Sol B, it was decided to always mix Sol B with Sol A, where Sol B is 
higher in density. Note, raw data is provided in Appendix A. 
 During the initial testing, significant variation in the time of calcite formation 
was observed which was traced to the pH of DI water in the system. As shown in Figure 
37, even a one pH unit difference between pH of DI water that Sol A and Sol B were 
made from can significantly alter the rate of calcite formation in the form of a delay in 
reaction.  
The initial set of experiments was conducted in flat bottom glass test tubes. These 
glass test tubes were cleaned very carefully according to the protocol provided in 
Appendix B-3. These tests were repeated in plastic tubes as heterogeneous nucleation and 
growth process will be affected by surface energetics. Although the results of these initial 
experiments shown in Figure 38 do not show much of a difference between plastic and 
glass surfaces, images obtained from SEM in Figure 39, do show different crystal 
morphology between glass and plastic surfaces. However, the calcite particle size 
distribution appeared to be the approximately the same between glass and plastic.  
Another factor that was tested for this series of experiments was the difference in 
the temperature of the reactant solutions used for calcite mineralization. The stock 
solution temperatures of 00 degrees of Celsius and 250 degrees Celsius (room 
temperature) were used in these experiments. The calcite samples obtained were imaged 
with SEM and the results obtained are shown in Figure 39. As can be seen, the calcite 
crystals appear similar in morphology and the only difference seen in the particle size 
distribution. Also, 0 oC calcite precursor solution appeared to produce more crystals than 
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the solution kept at room temperature. The results of dynamic light scattering tests 
performed for all calcite precursor concentrations studied are summarized in Figures 40 
and 41. DLS raw data obtained is provided in the Appendix A in Figures 53-56. DLS data 
indicates that the time of nucleation and growth (time of first appearance in the system) 
increases as the precursor concentration decreases. Alizarin Red staining tests gave 
preliminary indication of the existence of calcium in the system.(see Figure 52, Appendix 
A). XRD characterization was used to confirm calcite formation as discussed later in this 
section.  
DISCUSSION ON REACTOR HOUSING DESIGN  
 
 A series of alternative reactor housing design concepts was developed to study 
calcite mineralization under microgravity test conditions in a unit gravity test 
environment. A key goal of this part of the study was to develop a reactor housing which 
could maintain isolation of the reactants until test conditions were established. The 
reactor housing was chosen to be spherical for enhanced flow stability and where each 
half of the sphere had two access holes; one to inject the solution (Sol A or Sol B) and the 
other to displace air. The reactor midsection was sealed using a plastic insert having a 
transport tube that was initially blocked with ice to allow Sol A and Sol B to mix only 
after unit and microgravity conditions were established and prior to calcite precursors 
reacting.  In this design, there was an approximate 98 second delay between the time that 
the spherical reactor was set up with isolated Sol A and Sol B reactant solutions and the 
time it was placed in simulated microgravity. Ice was chosen, as there was a need for a 
degradable material to isolate the reactants without interfering with the reaction. A series 
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of various degradable designs were studied but most presented complications primarily 
with incipient nucleation. Figure 23 depicts some of the approaches that were tested.  In 
the final design, the core of the system is a glass tube with ice in the shape of a dumbbell 
as shown in Figure 42. Based on this design, the volume of ice required to keep the 
channel closed up to 180 (s) is about 0.8ml. Another design criteria for this study was the 
terminal velocity adjustment with respect to the particle size and frequency.  A method 
used for increasing the reactor sphere’s overall density was developed and details 
provided in Appendix B. Links to videos taken of each system are provided in the Results 
Section. 
DISCUSSION ON SIMULATED MICROGRAVITY SYSTEMS AND RESULT  
 
 The aim of this project was to develop a system that could explore microgravity 
condition in unit gravity environments and which could be used to study mineralization 
processes that are currently only tractable in expensive fixed wing flights or the space 
shuttle. Several experimental designs were developed to investigate mineralization 
processes in free fall simulated microgravity conditions. One of the systems that allows 
for such study, is the well-known NASA rotating wall reactor designed known as the 
Synthecon system. Although the Synthecon system allows the study of the effects of 
simulated microgravity in unit G environments for biological system, such as cell culture 
systems, based on the specification of this device and calculation performed for calcite 
with density of 2.7 
𝑔𝑟
𝑐𝑚3
 the Synthecon system was deemed inadequate because the 
maximum RPM possible required to nullify gravitational pull on high density mineral 
particles exceeded Synthecon’s upper rotational speed. Also there exist no isolation 
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compartment in the Synthecon system. Thus, the calcite precursors would immediately 
react well before holding the test system at 3 or 9 o’clock position for extended times, 
where simulated microgravity occurs, was not possible. 
  Based on the Synthecon design, a concerted attempt was made to develop a 
rotating wall reactor system. The original design used a modified Cole-Palmer peristaltic 
pump that could attain RPMs ranging from 10-500 RPM. There were extensive design 
modification iterations made on this system. This included designing an aqueous 
reservoir with a custom axial connection to the pump motor. In some cases, simulated 
microgravity tests were performed to determine housing efficacy. Further investigation is 
required for this system particularly in controlling unwanted three-dimensional flow 
motion (103-115).   
 Recalling the terminal velocity conditions presented in the Theory Section, when 
an elevator is in free fall, the people inside the elevator should also in free fall. Based on 
this perspective, a vertical flow column was designed that could attain terminal velocity 
conditions for calcite mineralization. This system appears to be more reliable based on 
the force balance data shown in the Results Section. Experimental microgravity 
simulations using this system were performed and samples collected were subsequently 
analyzed.  Three calcite saturations conditions were selected, i.e., 20%, 50% and 100% 
saturation.  
 Optical and scanning electron microscopy was performed on the samples. Results 
obtained from optical microscopy are presented in Figure 45 whereby changes in particle 
number and shape can be seen between unit-G and micro-G conditions. Further, SEM 
results revealed distinct morphological differences in particle (Figure 46).  More 
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specifically, the saturated unit-G sample displayed a more defined, geometrical shape 
(cubic form) while the micro-G sample displayed a more spherical shape. The results of 
XRD result indicated the existence of an organic material that was not calcite in micro 
gravity sample but was not present in unit gravity sample (Figure 48) the contamination 
from material of system II may be the reason for this observation further investigation 
require. In Figure 48, for 50% saturated test condition in unit gravity, the crystals are 
mostly in cubic form, but in micro-G there is a change between cubic and spherical which 
was similar to what was seen in the 100% saturated micro-G tests results. Also, sections 
C and D represent cubic geometry for unit-G and a very irregular geometry for micro-G 
sample.    
 Results obtained from DLS run after unit and micro-G experiments were 
concluded (Figure 49, Section 2), indicated that the saturated solution provided larger 
diameter calcite particles in unit-G than the micro-G. From Section 3 for the results of 
50% sat, simulated micro-G resulted in more particles produced than in unit-G and 
Section 4 (20% saturation) we see a similar trend as seen in Section 3.  
Results obtained from direct visual observation provided in Table 15 in the 
Results Section in all cases indicated a significant time delay for calcite mineralization 
between unit-G and micro G.  The terminal velocity calculated was based on the 
presumption that equal and opposite forces should nullify the gravitational force, in this 
case achieved by water flowing in opposite direction at a flow rate to maintain the 
spherical reactor at a constant height, suspended in the mid-section of the vertical pipe 
which was presumed to be simulated microgravity conditions. Results obtained from 
these experiments (shown in red color in Figure 51), indicate that the terminal velocity 
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for saturation conditions was ~11% below the theoretical value at simulated microgravity 
conditions. Recognizing various sources of experimental error, (e.g., parafilm used for 
closing system +/- 0.02 gr and the syringe used to move chemical has a +/- 0.1ml error as 
well as the chance of developing air bubble in the system that can directly effect average 
density of the reactor housing, the results shown in Figure 53 do not appear to be artifact.     
 As previously mentioned, the goal was to develop a microgravity system and 
verify the results obtained from the system devised by Liu’s et al in the so-called ‘vomit 
comet’, as reproduced in Figure 52. This adapted figure from Liu’s study indicates that 
the parameter τ is the time of nucleation collected via fast DLS vs. 1/ln(1+ σ)^2 where σ 
is the degree of saturation. In this figure, it indicates that the slope of the line in 
microgravity is four times larger than the slope of the line in unit gravity (100). For the 
results obtained form the vertical column system reported herein, the results are 
consistent with Liu et al’s findings (see Table 15) and (SEM and Optical) microscopy 
results. In the data presented in Figures 49 and 50, it was not possible to perform DLS in 
situ; hence there was a time difference between the time of microgravity runs and the 
time that DLS data was recorded. XRD results obtained indicate differences between 
microgravity and unit gravity may affect nucleation and growth process but more tests 
must be run to confirm this preliminary finding.  Finally, as shown in Figure 53, there 
was a significant time delay observed between unit gravity and microgravity for results 
obtained for the first time at unit G conditions. 
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Figure 52: Liu’s group Calcite adapted figure of Results (100) 
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Figure 53: Result of observation based on visual after first observe calcite  
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CHAPTER 6 
CONCLUSIONS AND RECOMENDATION 
 The objective of this research was to evaluate the feasibility of designing 
experimental test systems that would allow the study of nucleation and growth of 
minerals in simulated microgravity system while run in a unit gravity environment, such 
as, earth.  If possible, such capability would allow for less costly and more extensive 
study of material systems that adapt to reduced gravity environments, such as, space. This 
includes biomineralization systems, such as, human bone, where the bone mineral density 
is significantly altered in low gravity environments. Such earthbound studies in unit 
gravity environments may lead to human health countermeasures that would allow 
human exploration in deep space possible. It could also lead to novel ways to synthesize 
and process materials under altered gravity conditions to achieve desired performance 
characteristics that are currently not possible in unit gravity systems. 
This objective was pursued through the design and development of two 
prototypical test system environments that were capable of simulating microgravity test 
conditions while being run at unit-G environments. Once developed, the test systems 
were verified by studying the formation i.e., the nucleation and growth, of calcium 
carbonate in each test system and also compared to the results obtained by Liu et al. from 
simulated microgravity experiments run in the Vomit Comet.  
Test System I was designed to essentially mimick the rotating wall bioreactor of 
NASA (Synthecon) that was developed to study the effect of simulated microgravity on 
cell and tissue growth. The development of Test System I, although promising, required 
more precise control and work continues on this test system.  Test System II was a 
81 
vertical column design that that offered distinct advantages to meet the study objectives, 
i.e,  it allowed for easier flow control and flow dynamic regimen to nullify gravitational 
pull through application of equal and opposite forces and presenting terminal velocity 
conditions while attaining free convectionless conditions for nucleation and growth. This 
system was further verified by calcite growth as results were provided in section three of 
results chapter and summaries in figure 50.  
  The simulated microgravity environment in unit gravity setting reveals that at 
50% saturation there is change in trends of particle size and geometry in relation of to 
microgravity and unit gravity. DLS results indicated the particle size at 100% saturation 
level at unit gravity is higher than they are in microgravity. At 50% saturation, however, 
the particle size is lower in unit gravity than it is in microgravity. This trend is also 
observed in 20% saturation. SEM images also showcase this in the images of 50% 
saturation; as the particle geometry is both round and cubic in micro gravity, but only 
cubic in unit gravity. In 100% saturation sample particle geometry in unit gravity is 
cubic, where as it is round in micro gravity (Figure 46). These observation also indicated 
lower flow regimen than what was calculated ideally for saturation condition, less density 
of particles with adding human error (air bubbles) explains 11% below the terminal 
velocity flow.  XRD provided the validation on this material; the samples from unit-G 
and microgravity both contained Calcite and NaCl. The  micro-G also contained other 
materials.  The time of the nucleation and growth processed under microgravity 
conditions was delayed by a significant factor. This observation was consistent with the 
findings by Liu et al who postulated that calcite nucleation was postponed in 
microgravity due to free convectionless conditions.  
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  In the end, based upon observations and data recorded in this investigation, it can 
be concluded that it is feasible to develop simulated microgravity test environments run 
in unit-gravity environments for the purpose of studying mineralization processes that are 
responsive to such environments. As Liu et al. also suggested, such systems will allow 
further understanding of bone mineralization in micro gravity environment.  
Recommendations:  
  In the following series of recommendation was made for future investigation.  
System I: Rotational Microgravity system  
 Using faster motor with higher torque  
 More refine controller box and self adjustable controller 
 Fast recording system to capture visual observation 
 In situ characterization methods 
System II: Vertical Column 
 Developing closed system no loss of water  
 More refine control  
 Fast recording of the system and better imaging  
 In situ characterization for example conductivity meter  
Reaction housing system  
 Developing better ice system  
 Developing invasive mechanical mixing system 
 Using clear material for housing such as crystal or glass  
 Better method of increasing overall density than adding copper  
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APPENDIX A  
SAMPLE DATA AND CALCULATIONS 
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Table 16: Initial Observation Data  
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Table 17: Initial Observation Data  
 
  
Table 18: Initial Observation Data for Preliminary Work   
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Table 19: Surface Testing- Glass vs. Plastic   
Set 3: I: 
Plastic                
  H20 
CaCl2 
(gr/ml) Na2CO3(gr/ml)  Time 1 
Time 
2 Time 3 Average (S) 
1 1 0.07454 0.07146 0.8 0.4 0.4 0.53 
2 40 0.00186 0.00178 3.1 3.4 2.5 3.00 
3 50 0.00149 0.00122 5 5.7 5.8 5.50 
4 60 0.00124 0.00119 5.7 6 7 6.23 
5 70 0.00106 0.00102 11 7.2 9.5 9.23 
6 80 0.00093 0.00089 16.2 22 16.8 18.33 
7 90 0.00083 0.00079 29 22 27 26.00 
8 100 0.00075 0.00071 133 150 156 146.33 
                
Set 3: II: 
Glass               
  H20 
CaCl2 
(gr/ml) Na2CO3 (gr/ml)  Time 1 
Time 
2 Time 3 Average(s) 
1 1 0.07454 0.07146 0.6 0.3 0.6 0.50 
2 40 0.00186 0.00178 2.8 1.6 2.6 2.33 
3 50 0.00149 0.00122 1.5 2.6 3 2.37 
4 60 0.00124 0.00119 3.5 2.7 2.9 3.03 
5 70 0.00106 0.00102 4.8 4.7 4.1 4.53 
6 80 0.00093 0.00089 16.6 13.8 17 15.80 
7 90 0.00083 0.00079 16.7 11.5 15 14.40 
8 100 0.00075 0.00071 160 175 144 159.67 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
99 
size(um) Frequncy 
2.451 2.0
3.477 18.0
4.045 2.0
5.690 2.0
6.481 22.0
7.477 6.0
8.378 5.0
9.668 19.0
10.220 3.0
11.532 4.0
12.903 5.0
13.270 7.0
14.262 1.0
15.510 1.0
16.425 9.0
17.961 1.0
18.676 1.0
19.355 14.0
21.725 1.0
22.581 20.0
24.392 1.0
25.433 8.0
26.422 1.0
29.032 4.0
30.078 1.0
32.480 10.0
33.936 1.0
35.484 3.0
36.611 1.0
38.710 6.0
43.427 1.0
45.161 1.0
48.387 2.0
51.613 2.0
54.839 8.0
58.065 5.0
64.516 1.0
67.742 1.0
70.968 2.0
74.194 2.0
80.645 2.0
90.323 1.0
103.226 2.0
106.452 1.0
109.677 1.0
119.355 1.0
132.258 1.0
135.484 1.0
145.161 1.0
148.387 2.0
167.742 1.0
196.774 1.0
261.290 1.0
290.323 1.0
306.452 1.0
Table 20: Size vs Frequency  
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Figure 55 Image A is a calcite reaction at 100% saturation sample after 5 (s), filtered on 
milipor 0.45nm filter, B is after 10(s) after, C 20 (s) and D is 50 (s) after. Note in A you 
an see how the sample reaction change from glass to plastic and the formation also in 
these images the growth of calcite shown  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 55 - SEM Images of Unit-G XL 30 SEM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 56: Alizarin test the solution change from orange to dark purple  
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Figure 57: Concentration Variation Effect on Intensity Distribution Unit gravity 
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Figure 58: Concentration Variation Effect Volume Distribution  
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Figure 59: Concentration Variation Effect on the Number Distribution  
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Figure 60: Concentration Variation Effect on the Ln (G(t)-1) vs.t  
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Figure 61: DLS raw data from Unit-G and Micro-G 
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APPENDIX B  
LAB PROTOCAL and SAFETY INFORMATION 
110 
In this section three types of information will be provided section B-1 developing 
Lab protocols, B-2 Safety handling of chemical and B-3 Material Safety Data Sheets for 
chemical used in this project.  
B-1 LABORATORY PROTOCALS  
  
 In the following section three protocol was provided section B-1-1 protocol on 
increase average density, protocol B-1-2 Alizarin Red and B-1-3 how to clean the plastic 
and glass test tube for reusable testing. All three of these protocol used in the journey of 
this process from testing propose to validation.   
B-1-1 INCREASE AVARAGE DENSITY  
 
 For study microgravity application for nucleation several systems were 
developed, one was reactor housing. The housing density comes to play for application of 
free fall as it shown in theory and experimental plan section. Having a method to achieve 
specific density for the propose of holding calcite partial during nucleation and growth in 
microgravity was the desirable result, the original density of the ball that was chosen for 
this experiment was 0.89 gr/cm^3 although the calcite density is 2.71gr/cm^3, therefore 
there was a need for increasing the average density of the ball. Before explaining how did 
we achieve this task following concept needs to be understood, how to measure density 
what is average density and how to calculate that.  
In general density is ratio of mass of an object over the volume of that object this 
physical property of object is constant for any given mass and volume, equation B-1-1-1 
is describing this relationship.  
=
𝑀
𝑉
   [gr/cm^3]       Eq B-1-1-1  
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There are different ways to experimentally measure density, in this project 
Archimedes principle and Pycnometer system were two of which that was used. 
Archimedes principle state that the volume of the water will change when a solid object 
with unknown volume drops inside and the equivalent volume of the object is the 
difference of that rise. Pycnometer is a device use to identify the density of unknown 
liquid. Based on the volume and masses of each section of a composite or a system one 
could calculate a cross pounding average density for that system, this number for system 
or a composite can be determine via equation B-1-1-2.  
𝑝 =
𝑉1
𝑉𝑡
∗  𝑝1 +
𝑉2
𝑉𝑡
∗ 𝑝2 + ⋯.                          Eq B-1-1-2 
In the equation above average density is calculated via ratio of volume times to the 
density of that section added to rest of the weighted densities of the system. In our 
housing system the density of the empty plastic ball was experimentally determent to be 
0.85 gr/cm^3, however the reaction tube (middle layer) and Sol A, Sol B were add weight 
to the system as well as contributed in density of our system. In another hand when the 
calcite form the density of the system will increase due to the formation of particles and 
since the goal was to keep the housing in the free fall during formation of calcite the 
average density needed to be supplemented. This was achieved via using combination of 
copper powder with density of 7.8 gr/cm^3 and plastic paint. After determining the 
density desire for experiment equivalent gram of copper was measured and applied to 
only one side of the sphere to insure the increase as well as stability of the system. 
Powder was become composite via using Testor enamel Green Paint, each layer of 
copper was coted whit paint and another was added till sufficient gram was added to 
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sphere, the drying for the paint is 24 hours. The import and export channel to the sphere 
where protected via using needles during this proses Figure B-1-1-1 showing the set up.  
Sample Calculation:  
For an object with Density of 1.25 gr/cm^3 
𝑝 =
𝑉𝐵
𝑉𝑡
∗  𝑝𝐵 +
𝑉𝐼𝑚
𝑉𝑡
∗ 𝑝𝐼 𝑚 + ⋯. 
Average Density = (1* 0.89 (gr/cm^3)+0.000123 gr/cm^3 (inner media) +2.7*(0.00022)  
 
Maximum Particle formed + 7.8*(0.046) (copper added to the system) =1.25gr/cm^3 
B-1-2 ALIZARIN RED PROTOCAL 
 
Alizarin Red S Staining Protocol for Calcium is from an online Source  
http://www.ihcworld.com/_protocols/special_stains/alizarin_red_s.htm 
Description: Alizarin Red S, an anthraquinone derivative, may be used to identify 
calcium in tissue sections. The reaction is not strictly specific for calcium, since 
magnesium, manganese, barium, strontium, and iron may interfere, but these elements 
usually do not occur in sufficient concentration to interfere with the staining. Calcium 
forms an Alizarin Red S-calcium complex in a chelation process, and the end product is 
birefringent. 
Fixation: Neutral buffered formalin or alcoholic formalin fixed, paraffin embedded tissue 
sections. Positive Control: mouse embryo or a known calcium containing tissue sections. 
Solution and Reagents: 
Alizarin Red Solution: 
Alizarin Red S (C.I. 58005) ----------- 2 g 
Distilled water ------------------------- 100 ml 
Mix well. Adjust the pH to 4.1~4.3 with 10% ammonium hydroxide. The pH is critical, 
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so make fresh or check pH if the solution is more than one month old. 
Acetone (100%) 
Acetone-Xylene:  Acetone (100%) , 50 ml and Xylene (50 ml) 
Procedure: 
1. De-paraffinize slides to distilled water. 
2. Stain slides with the Alizarin Red Solution for 30 seconds to 5 minutes, and observe 
the reaction microscopically. Usually 2 minutes will produce nice red-orange staining of 
calcium. 
3. Shake off excess dye and blot sections. 
4. Dehydrate in acetone, 20 dips. Then in Acetone-Xylene (1:1) solution, 20 dips. 
5. Clear in xylene and mount in a synthetic mounting medium.  
Results: 
Calcium deposits (except oxalate) -------- orange-red 
This precipitate is birefringent. 
B-1-3 CLEANING GLASS AND PLASTIC AFTER TEST  
 
Cleaning glass tube is not an easy task when you are growing crystal on the surface; 
calcite does not removed easily via using water. In general to clean laboratory glassware 
and plastics it is highly recommend to be washed with warm DI water. In case of this 
experiment for glass tube, glasses were socked in NH4Cl solution for 8 hours in chemical 
hood. After that the acid was transfer to proper waste bottle and the glassware was 
washed with DI water very carefully and left to dry. In case of plastic ball acid was not 
used after socking inside the water for 5 minutes ball was removed and dried with 
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Kimwipes to assure color transparency for the follow up tests. This process needs patients 
and adequate time otherwise there will be calcite left on the walls that can effect on the 
nucleation.  
B-2 SAFE HANDELING of CHEMICAL 
 
The safety is number one priority in BioICAS laboratory the handling and 
developing protocols were kept that goal in mind. All chemical where used after reading 
material safety data sheets (MSDS) and consulting with the experts. The links to MSDS 
are provided in section B-3. The proper protection equipment was used at all time during 
chemical interactions, since the focus of this project was on nucleation and growth in 
microgravity and for propose of validation nano and micro particles were used it is 
important to pay attention to the handling of these material for example Aluminum 
powder of 3-4 m was used to validate existing of microgravity in the system, according 
to MSDS sheet this chemical is flammable via contacting with air or it will release 
flammable gas by contacting water. Therefore the flammability powder was tested by 
expert David Wright in the center of solid state at Arizona state university and exposed to 
the air and water by them before use in laboratory setting. Managing waste and hazards 
material protocol was followed based on university training and laws. The chemical 
protocols that used acid and particles needs to be perform under the chemical hoods.  
B-3 MATERIAL SAFTEY DATA SHEETS  
 
1-Aluminum Powder  
     http://www.alfa.com/content/msds/USA/41000.pdf 
1- Alizarin Red 
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http://www.sciencelab.com/msds.php?msdsId=9925572 
2- Ammonium Chloride 
http://www.sciencelab.com/msds.php?msdsId=9927431 
3- Copper Powder  
http://www.westliberty.edu/health-and-safety/files/2012/08/Copper-powder-or-
dust.pdf 
4- Calcium Chloride 
http://www.sciencelab.com/msds.php?msdsId=9923251 
5- Calcium Carbonate 
http://www.sciencelab.com/msds.php?msdsId=9927119 
6- Sodium Carbonate  
http://www.sciencelab.com/msds.php?msdsId=9927591 
7- Testor Paint   
Green Color: http://www.testors.com/media/document/MS.0015300.072511.pdf 
Thinner: 
http://www.testors.com/media/document/MS.0011480.032812.pdf 
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APPENDIX C 
CHARECTRIZATION TECHNIQUES 
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The material characterization techniques were explore in the paper the following 
are extra information on the systems and their protocol used in this research.  
 APPINDEX C -1: SECONDERY ELECTRON MICROSCOPY  
 
Scanning Electron Microscopy: 
 
The Scanning Electron Microscopy (SEM) is a microscopy system and used for 
observing surface information such as morphology, chemical composition, crystalline 
orientation and material makeup of the surface. In general application, the sample size for 
SEM device is range between 1cm to 5m (118). SEM microscopy has larger depth of 
field due to the technology and usage of electron for sampling rather than light 
microscopy therefore these systems allows for sampling many data point and higher 
resolution. The following section will describe evolution of technology, and limitation of 
this system. (Note: appendix A, SEM equipment, and SEM trainings, and discussion on 
SEM on the technology were presented). 
The history of electron scanning microscopy technology goes back to innovation 
of first microscopy in 1590 by Middleburg. The best time line reprehensive of the 
evolution of SEM technology was provided by Noble prize educational document (119), 
which the modify version shown in Table 21 
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Table 21: Timeline for evolution of SEM (119-125) 
Time Description 
14th 
Century 
The art of grinding lenses is developed in Italy and spectacles are made 
to improve eyesight. 
1590 
Dutch lens grinders Hans and Zacharias Janssen make the first 
microscope by placing two lenses in a tube. 
1667 
Robert Hooke studies various object with his microscope and publishes 
his results in Micrographia. Among his work were a description of cork 
and its ability to float in water. 
1675 
Anton van Leeuwenhoek uses a simple microscope with only one lens to 
look at blood, insects and many other objects. He was first to describe 
cells and bacteria, seen through his very small microscopes with, for his 
time, extremely good lenses. 
18th 
Century 
Several technical innovations make microscopes better and easier to 
handle, which leads to microscopy becoming more and more popular 
among scientists. An important discovery is that lenses combining two 
types of glass could reduce the chromatic effect, with its disturbing halos 
resulting from differences in refraction of light. 
1830 
Joseph Jackson Lister reduces the problem with spherical aberration by 
showing that several weak lenses used together at certain distances gave 
good magnification without blurring the image. 
1875 
Ernst Abbe formulates a mathematical theory correlating resolution to the 
wavelength of light. Abbes formula make calculations of maximum 
resolution in microscopes possible. 
1903 
Richard Zsigmondy develops the ultramicroscope and is able to study 
objects below the wavelength of light. 
 
 The SEM technology was designed to study the morphology of the sample this 
system was developed based on similar principle of light microscopy devices the main 
difference between light microscopy device and electron microscopy was that in SEM 
machine capture electron interaction on the surface of the sample rather than visible light 
interactions. There are eight major components to any SEM device, Electron Source, 
Electromagnetic Lens, Electron Optical Column, Ray, Electron Beam, Vacuum, 
Specimen Chamber and Preparation.  
 
1. Electron Source: 
The Source of the electron in the SEM system is provided from an anode, cathode system 
interactions. The heating cathode element via high voltage allows for movement of 
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electron. Cathode is often made of a loop of tungsten filament allows for flow of electron 
towards the anode location. Many of these electrons pass by the anode element and 
drown in to the electro chamber.  
2. Electromagnetic lens  
Via electromagnetic field the shower of electron will direct towards subject under the 
study. This system allows for only electron with the right condition that match’s magnetic 
force field to pass through and go towards the chamber.  
3. Electron Optical Column  
This section combining with the electromagnetic coils directs the flow in the suitable 
condition, which the user chooses to gather information from the sample. Optical Column 
is an addition inside the vacuum chamber.  
4. Ray 
 Electron interactions with the surface of the subject understudy allows for emission of 
both electron and proton. Respect to what data is collecting and what kind of information 
was characterizing sensing of emission is important.  
5. Electron beam  
Back to the previous section electron beam and the angle of focus is highly dependent on 
the system, which we are studying.  
6. Vacuum  
In most SEM systems vacuum is a high vacuum; this condition bring the platform for 
higher efficiency for these system because the chances that energy loss happens during 
interaction of electron with air particles is lower, therefore electrons will interact with 
system at highest energy level possible.  
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7. Specimen Chamber  
It is the location, which sample will be held. Figure 62 is the Specimen chamber of the 
device that I have received training on. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 62: SEM System and Specimen Chamber 
8. Specimen preparation In variety of system due to the fact that electron interacting 
with sample, it is required to have inductive sample to conduct best image and 
information. The following Figure 63 is full SEM machine. 
 
 
 
 
 
 
 
121 
 
Figure 63: SEM equipment from center for solid state, in the figure above you can 
observed the vacuum chamber, Specimen chamber and SEM controller are showed. This 
system allows for resolution between 5000X up to 30000X and could take images as 
small as 10 nm, Chongji Liu Helping with SEM Images. 
 
 The training was provided via Center for Solid State at ASU main campus. The 
purpose of the training was to introduce students to the SEM technology and train us for 
characterization of material. This imaging system was ESEMXL30 and contain high 
vacuum, 20kev electro gun note that this setting is not safe for biological samples. The 
training took place at PSB 24I, for two sessions of three hours training with SEM 
machine.  The secondary electron microscopy was developed to study information 
regarding tomography and crystalline on the near surface information of matters as well 
as the partial size measurement.  The training experience brings the confidence to be able 
to capture the crystalline plan of formation and be able to characterize position 
difference.  In the content of my research, via information provided in literature there are 
some suggestions that gravity effects on the crystal formation, this characterization 
method maybe helpful to study such information in near future.  
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APPINDEX C -2: DYNAMIC LIGHT SCATTERING  
 
Turbidity is known as cloudiness of a system caused by solid particle usually in 
gas or liquid system when it is possible to observe particles in system for example 
smokes in clear air. In such system small solid particles are flouting in the system and 
slowly moving towards bottom of container holding that system. In some cases second 
substance in gas or liquid solution is colloid (solid practical flouting in solution). The 
Colloid substance usually has diameter between 1 to 1000 nm, and is not detectable with 
optical microscope or an electron microscope, some particles are translucent because of 
the Tyndall effect, which is the scattering of light by interaction with colloidal particles. 
Characterization technology measuring turbidity is usually based on light scattering 
throughout media such as turbidity meter and Dynamic Light Scattering systems.  The 
system, which was used in this study, was Becman Colter – DLS system.  
 
 
 
 
 
 
Figure 64: DLS system used to collect Data 
APPINDEX C -3: X-Ray DIFFRACTION  
 
X-Ray diffraction (XRD) is a well-known measurement in medical imaging, this 
characterization system used for defining bone mass or density. XRD is quantitative 
method used for measuring variety of biological factors. Our interest in XRD technique is 
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due to its application of XRD in densitometry. The clinical data collected from human 
bone density and mass of ceramic part of bone were collected via dual X- ray diffraction 
all around the world. The Bone Mineral Density via XRD is looking at cross section of 
the bone tissue and the location that diffract x- ray considered being hard tissue and 
mineral section of the bone.  
Reported data bone mineral density (BMD), are actually is bone mass contact 
(BMC) over the volume of the contact, which based on the definition of density shown in 
equation 1 can quantify density of bone/ mineral (130). 
Density = Mass / Volume  BMD = BMC / Volume (gr/Cm^3)                  Eq 1 
 BMD values became a standard procedure in medical industry; physicians and 
radiologist developed a scoring method using average BMD values for defining healthy 
from unhealthy growth of bone mineral. Note that most NASA and clinical data from 
human study both in microgravity and unit gravity for bio-mineral (bone) were reported 
in those scoring and BMD values. XRD was design to measure average spacing between 
unit-cells of crystalline, spacing represent based on data XRD would provide information 
about structure and shape and size of crystalline. The History of XRD goes back to 1885 
when for the first time X-ray was observed and captured for summarizing the evolution 
of X-Ray and XRD table 2 was provided. 
 In 1913 Sir W.H Bragg theorized there is relationship between crystal structure 
and diffraction of X-ray as it is provided in equation 2, where  is the angle between 
plane of unit crystals and  is the wave length, d is distance between unit cell of crystal 
and n is an integer.  
n λ =2dsinθ          Eq2 
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 Limitation of XRD system is dependent on the wavelength of X-ray and energy of 
source of the XRD techniques. Note that a typical XRD system has a lateral resolution of 
1mm it could capture crystal structure with in depth of 30 m and energy transferred to 
the sample is about 30 kev, which sets boundary for sample size and resolution of data.  
 
Table 22: Evolution of X-Ray and XRD (130-137) 
Time Description 
1884 Discovery of X-Ray by Roentgen  
1912 
X-ray diffraction experiment proved beyond doubt 
the electromagnetic wave nature of x-rays. Max 
von Laue, received a Nobel Prize  
1917 Baggor wrote a book  
1918 
Lattices and yield information about crystal 
structure that visible light  
1930 
Determined the structure of sterols, and in the 
following decades that of other biologically 
interesting  
1935 B-12 vitamin with X-ray imaged  
1940 
Adopted in other life science sub-fields, such as 
virology, where crystalline forms of plant viruses 
were being prepared in the 1930s, rendering x-ray 
analysis feasible  
1962 DNA Discovery  
APPINDEX C -4: STAINING METHOD- ALIZARIN RED 
 
Staining methods use chemical reaction for identifying a chemical compound or a 
single element in the compound. In the case of calcium-based crystals Alizarin Red, 
which it is an organic compound reacts with solution or the surface of sample and 
change, the samples color from red-orange to dark pink and that is identifier of existence 
of calcium in the sample. More information on Alizarin was provided in 
http://www.ihcworld.com/_protocols/special_stains/alizarin_red_s.htm 
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The purpose of this section is to review background information on different 
aspect of this project such as mechanism of nucleation and growth, definition of gravity, 
free fall and weightlessness. Lastly review existing literature on this topic, and defining a 
system to simulate g for nucleation and growth process.   
D-1 NUCLEATION AND GROWTH OF A MINERAL  
 
The purpose of this section is to review background information on minerals as a 
material as well as nucleation and growth of a mineral in order to explore the feasibility 
of nucleation and growth of a mineral in simulated microgravity under unit gravity.  
D-1-1 MINERAL AND CERAMICS   
 
 The purpose of this section is to explore background of ceramics and mineral as a 
material. Material science is a subject of extensive breadth and depth, however for 
purpose of this study and understanding material science that is focuses on the mineral 
and properties allows for characterization of the mineral developed during the feasibility 
study. Ceramics are unique sets of materials; they are made from metallic and non-
metallic substances, these structures have strong intermolecular covalent bonds. The 
word ceramics comes from the Greek word “Keramikos” that means “pottery” (138). 
Ceramics are relatively strong and stiff, they are very hard and extremely brittles, 
ceramics are electrical and heat insulators. These materials can survive under extreme 
conditions. Driven by their structural configuration, ceramics are light in density; these 
materials widely used in medical industry due to their properties.  
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Ceramics are one of the three categorizes of solid materials, bounding of nonmetal and 
metal substances designs structure of a ceramic. The molecular bond arrangement of 
ceramics ranges from completely metallic to entirely covalent. Some of ceramics have an 
organized structure; however their organization is different than metals. Two main 
categories of ceramics are crystalline and non-crystalline materials; crystalline material is 
finely arranged in structures and form specific geometrical shape. This organization is 
result of several processes; including high thermal and energy procedure; a complex 
structure with specific optical characteristic is result of those elegant formations such as 
gems stone and some of minerals. The non-crystalline ceramics are like glass and they 
made of a process of gently cooling a lava material. The following is an over view of 
application, structure, properties and processing of ceramics (139-140).  
Application: 
Ceramics materials are widely used in industry; ceramics due to their structure 
provides exclusive properties such as define optical reflections and diffractions. The wide 
rand of usage of ceramics is from semiconductor industry for designing supper computers 
to developing synthetic bone tissue. Ceramics are also used where high thermal and 
electrical insulator needed such as inside some of propulsion systems; ceramics are stable 
and not soluble in water, therefore wide range of ceramics are utilize in chemical industry 
(139-141).  
Structure:  
 Structure of ceramics is highly dependent on the ionic radii of cations (+ ions) and 
anions (- ions), rc , ra. the ratio of these two number represent the geometry of ceramic 
structure Figure * representing information about coordination geometry of ceramics 
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(3,6). Metallic elements acts as sea of free electron and therefore they are consider to be 
positively charged (cations), while nonmetallic element of ceramic consider negatively 
charge (anions). The attraction and repeal of those elements defines distance between 
lattices that direct crystalline structures. Some of the well-known crystal structures are 
AX, which the number of cation is the same as anions for example sodium chloride NaCl 
(salt rock) in this case the coordination number for both ions (+/-) is 6. In the other hand 
some crystal shape AmXp where m and p are not equal and p>m. example calcium 
fluoride CaF2 the coordination number is equal to 8. AmBnXp is another crystalline 
structure, this structure contains more than one cation anion such as Calcium carbonate 
(CaCO3) in this case the compound of CO3 is anion (139). 
Processes: 
  
 The development of synthetic ceramics is very costly, this material usually takes 
hours to make under applying high thermal interactions. Heat ovens for developing 
industry ceramics usually range in 800-1700 C. There have been improvements for this 
process via using microwave energy to develop ceramics, however we are still long way 
from naturally made ceramics processes. A naturally made ceramics (bio-ceramics or bio 
minerals) are made in low temperature environments. In following section we will glance 
in the world of mineral and mineralization processes in order to understand importance of 
this process and be able to study incipient mineralization in near future. 
Minerals are oldest solid structure known on planet earth, they are subcategory of 
ceramics; the history of word mineralogy can trace back to 1690. Mineral define as “a 
homogenous neutrally occurring chemical structure (142)”, this definition became 
popular in early 19th century. Importance of understanding mineral is divided to four 
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categories that can track back to paradigm of material, A) Understanding the importance 
of mineral in our life and application of these materials in our society: B) differentiation 
between crystal organization (structure) is a casualty for different material 
characterization with the same chemical components example of such crystal of carbon 
could develop graphite or diamond; C) understanding chemical compound in a mineral 
and be able to extract that chemical and properties of mineral;  D) understanding mineral 
development allows us to understand the origin of life and nature.  
Minerals are materials widely used in industry for developing structures or objects 
that requires containing properties of mineral. Mineral used as part of foundation of 
buildings as strong materials, in semiconductor industry minerals are used for heat 
insulation or electrical insulator in CPU (memory) of electronics. In medical and drug 
industry minerals are used in variety of sectors such as regeneration of bone tissue. In 
generals minerals could divide in two large category natural or synthetic minerals, natural 
or bio- minerals is combination two or more of following substances Si, P, S, Ca, Mn, Fe, 
Mg, O, C, H there are over 60 different biological minerals exist in nature.  The natural 
due to adaptation and selection established an optimal way to produce minerals with 
minimum resources (143-145)  
Minerals like ceramics obtain organized structure, for understanding the structure 
of mineral the study of structure of crystals (crystallography) was highly was 
recommended in literature (142-143,146). Structure of crystal is produced by repetition 
of single unit of crystal, unit-cell is the smallest orientation of that single element of non-
repeating cation and anions will build. Although overall structures of crystals are 
dependence on single repeating unit however macro structure of crystal is not the same as 
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micro level structure. Arrangements of crystal structures are theorized by mathematician 
(Auguste Bravias) based on orientation of series of same dimension spheres in space; he 
concluded that there are 14 different categories of structures for crystals. Any corner of a 
single unit cell was defined in 3-D plan (a, b, c) and angles between lattice that connects 
the corners of units cells and defined as the distance between each points represented by 
their angles.  
D-1-2 PROPERTIES OF MINERAL AND CERAMICS 
 
The Propose of this section is to review physical and chemical properties of 
mineral and ceramics. The property of a matter is what defines that matter, properties of 
matter dictates capacity of a mater in task performance. Any material properties divide in 
two classification chemical and physical properties. In case of minerals physical property 
of ceramics determine the actual chemical substances, structures of crystalline.  
 
Physical properties of mineral are the following (147-148): 
 
1. Cleavage: 
Fractures in crystals are unique due to the crystallography, fractures on crystal are 
parallel to miler plane of the crystal and also is an identifier to the weakness of 
crystal.  Testing method for cleavage is via reflecting light through a fracture line. 
2. Color:  
Color of crystals is not reliable physical properties on its own; although each mineral 
has a particular color. Color is objective and without further analysis on the optical 
property of crystal data from this observation is not justifiable.   
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3. Crystalline structure: 
Geometrical shape of crystal both at macro and micro level is important, at macro 
level it is indicator of brittleness of crystal and at micro level it is gage for many other 
properties such as electrical and magnetic conduciveness. Testing macro level shape 
is by observing a crystal; however the micro level and unit-cell structure 
determination requires much more elusive devices such as Electron microscopy.  
4. Diaphaneity: 
Diaphaneity define as degree of transparency; Transparency of a material is 
dependent on level of reflectivity of material that is dependent on thickness of 
mineral and lattice distance between two unit-cells. Testing tools are microscopy 
devices that focus light on a part of sample and detect diaphaneity. 
5. Fracture: 
Any fracture not along plan of a crystal examines weakness of crystal structure and 
internal molecular forces. This property is an identifier for silica mineral group.  
6. Hardness:  
Resistance to scratching or abrasion of mineral, there are two scales to characterize 
this property. 
7. Luster: 
Light reflection by surface of a mineral known as luster, if light reflects mineral is 
opaque and is metallic; if not material is nonmetallic and if light broken by surface 
material is waxi such as some graphite.   
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8. Magnetism:  
Identifies magnetic capability of mineral, it could tested via magnet attraction or by 
gauss meter setup.  
9. Odor: 
Most of minerals at rest are odorless, however some have distinguish odor it the 
surface is scratched.  
10. Optical Reflection: 
As you may have notice optics is one of important physical property of minerals, 
optical scattering, diffraction, and observation of crystal respect to wavelength and 
frequency of source allows for study of tomography of mineral.  
11. Specific gravity: 
Specific gravity is a way to determine density of a mineral, Archimedes principle is 
based for specific gravity; this principle is a ratio of mineral mass to mass of an 
equivalent volume of water.  
12. Streak: 
      Color corresponding powder of crystal for example Calcite powder is white.  
Chemical Properties of Mineral  
1. Reaction to Hydro chloride (HCl): 
Chemical reaction allows to identifying elements with are crystals for example HCl 
reaction with calcite release carbonate and system bubbles.  
2. Taste: 
Minerals could chemically react to tongue enzymes (very dangerous not 
recommended to try) 
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3. Tenacity: 
Atomic resistance of mineral structure known as tenacity testing system such as 
transmitting electron microscope are used to measure this property.   
2-1-3 MINERAL FORMATION (NUCLEATION AND GROWTH) 
The purpose of this section is to investigate formation of mineral and concept of 
nucleation and growth. Formation of mineral and crystals can occur in two ways 
nucleation or precipitation. Precipitation is formation of a solid as a result of chemical 
reaction in a solute, when the solid released in the system by diffusion will fall down 
through the solution, as example of that fossil developed by this process due to 
gravitational force solid chemical precipitate, gems and some of the synthetic mineral is 
part of this process as well. 
Nucleation is production of crystal over a phase change from liquid to solid, 
crystal of calcite is an example. Nucleation occurs due to energy exchange in a solution; 
when a solute supper saturate (limitation of mass per dissolve volume of solution exceed) 
solute will drive in to energy exchange process that leads to nucleation and if and only if 
nucleation successive crystal will grow. Free energy is the main reason for transition 
phase of crystal development; free energy defines as number of molecular that are 
involve in transformation from liquid to solid structure. Free energy could effect by 
chemical concentration, viscosity, temperature, ionic strength, pH, impurity or existence 
of some surface in the system. If the free energy small and chemical in the solution gain 
enough energy to pass the requirement energy to minimalize distance between molecules 
and produce stronger inter molecular forces (become more stable) system is at nucleation 
and unit-cell crystal will be produce. This process as mentioned in the previous line is 
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dependent on the number of ions in the system and the concentration of chemical because 
increase in concentration of ions, increases the probability of interaction between 
chemical and interaction between chemical increases the rate of reaction in the system 
and will effect on entropy of the solution. Nucleation site is an embryo of a solid in old 
liquid phase, as the bond between elements of solid forming the neighboring element in 
solution pulling against of solid intermolecular forces, and cause a disability in system. In 
order to crystal to grow, nucleation has to overcome this barrier (100). 
 The kinematic of nucleation and growth is extremely sophisticated system and not 
all of these kinetic and thermodynamic interactions understood by scholars, however 
biological systems have been able to design a mechanism to control this procedure with 
minimal energy utility. In biological system for example human bone, inorganic mineral 
produced inside osteoblast cells and deposited out at the interface with organic structure 
collagen at 37 degree of Celsius temperature.  
 During the process of nucleation formation of small embryos from colloid of 
existing material in system is due to energy exchange in the system. Meanwhile a 
solution is at a saturation level means that there are seas of ions in the system and the 
probability of material phase change is as much as probability of ionic interactions. Based 
on that interaction and number of free energy in system there is a specific phenomenon 
that governing the possibility of nucleation known as Gibbs - Thomson Effect (116). This 
phenomena state that the unit crystals can be in equilibrium with solution surrounding it, 
therefore there is a possibility that in any given time there is more than one spot of 
nucleation in the system. In another hand as it mentioned in above the nucleation favor 
the lower energy therefore by introducing surface to the system the chance of nucleation 
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will increase and system would prefer the surface for nucleation. In any case if a solution 
is saturated, then regardless of size as long as reduce bulk free energy and the increase 
surface energy (118). Based on classical nucleation theory that focuses on structure of 
nuclei and new phase contain same energetic. In unit gravity system the ions are inter 
acting due to free convection. Free convection is when fluid moves due to change in 
density of cite, in the unit gravity this phenomenon occurs during nucleation. According 
to Liu’s group in microgravity due to lack of mechanical pull via gravity there will be no 
free convection and that is the reason in their study in calcite formation under 
microgravity condition developed in vomit comet they see a delay for nucleation and 
growth in their result from three stage of saturation study they conducted in unit gravity 
and one stage of saturation in microgravity.  
D-1-4 APPLICATION OF MINERALS  
 
 The level of performance of a material is mainly dependent on a mission, and 
occupation of the mineral; as example human bone is a composite of organic and 
inorganic substances with the task of holding mass of our body and support dynamic 
movement of human opposed to gravitational force of earth. In this example, bone 
composite is combination of dense mineral (Hydroxylappetite [HA]) and elastic polymer 
(collegian) provides a stiff yet compressible material, which developed by bio-
mineralization to accomplish task of standing. HA is calcium and phosphate ceramic. 
According to Mann “Over half of the element essential for life is incorporated in 
biomineral deposit. Of these, calcium is distinguished in being widespread and the 
common constituent of bones and shells (143).” Nature provided us with variety of 
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calcium-based minerals one of such is calcium carbonate (CaCO3) known as calcite, this 
is ceramic could be find in seashell as well as in Liu’s study of mineralization in 
microgravity was key material used. In this study that is an attempt to verify Li’s work 
from vomit comet in unit-g simulated micro-g system at the tabletop, calcite also become 
main material.  
D-1-5 CLALCIUM CARBONATE MINERALS  
 Calcium carbonate with chemical formulation CaCO3 assembled from three 
elements, Calcium (Ca) soft gray alkaline metal, Carbon (C) nonmetallic relatively hard 
and Oxygen (O) highly reactive non-metal element. The CaCO3 mineral it plays a 
significant role in our lives, Sedimentary, Metamorphic and Iqneous are resources for 
developing calcite as a geological stand point of view, calcite is 4% of earth crust weight 
(148) Calcite mineral is foundation for limestone and marble, which both materials 
widely used in metropolitan areas (149). The word calcite comes from Greek word of 
“chalix” with a meaning of lime (154). Calcite classification could divides in three major 
components bio mineral calcite, naturally developed calcite and synthetic calcite.  Calcite 
is a mineral find in nature; this ceramic is thermodynamically stable in nature due to high 
lattice energy and low solubility. As stated by Stephen Mann there are six configurations 
for calcium carbonate in nature; Calcite, Mg-calcite; Aragonite; Vaterite; Amorphous . 
The orientation and selection of CaCO3 adequacy is parallel to process of 
development of that biomineral respect to application, for example in case of shell calcite 
find on outer layer and argonite crystal find in inner shell, process of dual growth of 
calcite-argonite and selective arrangement of growth in sell is mystery yet to be solved. 
Calcium carbonate not only accounted in sells structural task, but also as a gravitational 
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sensor for inner ear of some animals and as optical reflector in eye lens of some others 
(143). Calcite mineral in geological application as mentioned in above calcite is 
frequently found mineral, common application of this mineral is in construction site 
limestone and marbles widely used in this industry. Calcite structures developed via 
geological changes of nature are Quart; Beryl; and Calcite. This crystal form Trigonal 
Hexagonal geometry, their property is similar to the biological and synthetic in following 
section property of calcite will be more define (154), Figure 65 is a very simplified 
version of this structure. 
 
 
 
 
Figure 65: Calcite structure  
 
Synthetic Material or manmade material is defined as material that was 
constructed artificially without natural processes. Calcite as a powder used in variety of 
synthetic material for example calcite used in building paints. Structure of this calcite is 
similar to the natural calcite, their miller plane is [1011] and [213-1] configuration and 
cell parameter was reported to be 4.9896 (A) (154).  Properties of synthetic calcite is 
similar to the natural and biomineral calcite, some of the physical property of calcite is 
reported in Table 22 in the below.  
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Table 23: Physical Properties of Calcite (153-156) 
Property Description 
Lustre: Vitreous, Pearly 
Diaphaneity Transparent, Translucent 
Comment: Pearly on cleavage and {0001}. Can be 
dull or earthy in chalk variety. 
Color: White, Yellow, Red, Orange, Blue, 
Green, Brown, Grey etc. 
Streak: White 
Hardness : Mohs 3, Knoop 155 
Tenacity: Brittle 
Cleavage: Perfect on {1011}. 
Parting: Readily along twin lamellae {0112} and 
{0001}. 
Fracture: Irregular/Uneven, Step-Like 
Density 2.7102(2) g/cm3 
Luminescence Fluorescent and phosphorescent, Short 
UV=yellow, blue, red green, 
Transmission Range : 0.3 to 2.3 μm 
Refractive Index : No 1.6654 at 0.51 μm 
Reflection Loss : 11.7% at 0.51 μm (2 surfaces) 
dn/dT : 3 (para) 13 (perp) x 10-6 /°C at 0.5 micron 
Melting Point : 825°C (Decomposes) 
Thermal Conductivity : 
5.526 (para) 4.646 (perp) W m-1 K-1 at 
273K 
Thermal Expansion : 25 (para) 5.8 (perp) x 10-6 /°C at 273K 
Specific Heat Capacity 852 J Kg-1 K-1 
Dielectric Constant : 8 (para) 8.5 (perp) at 10kHz at 293K 
Youngs Modulus (E) : 72.35 (perp) 88.19 (para) GPa 
Shear Modulus (G) : 35 GPa 
Bulk Modulus (K) : 129.53 GPa 
Elastic Coefficients : 
C11=137; C12=45; C13=45; C14=(21); 
C33=79 
Apparent Elastic Limit 4.83 MPa (700 psi) 
Solubility : 0.0014g/100g water at 25°C 
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D-2 CHEMICAL KINETICS 
 
 Purpose of this study was to mimic work done by Liu’s group on calcite crystal 
formation in microgravity in bench top model; in order to study effect of microgravity in 
relative time of nucleation and growth, in their study a chemical synthetic for 
development of calcium carbonate was suggested (155). This chemical reaction was 
following the principle of the supper saturation (SS) principle for crystal growth the 
chemical reaction shown in Eq D-2-1  
Sol A: CaCl2 + H2O  Ca(OH)2 +2 HCl  
Sol B: NaCO3 + H2O  NaHCO3 + NaOH     Eq D-2-1 
Sol A+ Sol B  CaCO3 + 2NaCl +3H2O 
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D-3 GRAVITY FALLS 
 
The purpose of this section is to review background information on Newton 
second law of motion, as well as review definitions of gravitational pull, free fall and 
weightlessness. Lastly review existing literature on microgravity and simulated 
microgravity environments.   
D-3-1 NEWTON SECOND LAW OF MOTION 
  
The purpose of this section is to review background information on Newton 
second law of motion. Strong understanding of basic physics is required in order to study 
mineralization process under simulated microgravity, it is crucial to understand the  
concept of force, force inter action, motion and newton second law in content of 
simulated microgravity environment. 
Physical world is under a balance of interaction of mass and energy known as 
laws of conservation; although mass is conserves in universe, masses are constantly 
under pull or push interactions with each other this pull or push are known as Force  (F). 
A force is either contact force or action at a distance force for example ‘Frictional Force’ 
is a contact force and it generates based on surface interaction of two objects directly 
against each other, ‘Gravitational Force’ (Fg) is an action at a distance force sun pulls 
plants by gravity toward it center that allows for planets to orbit around sun. This 
document was written based on the SI units. Force defined by its magnitude and 
direction, magnitude of force measure in unit of Newton (N) that described in Equation 
D-3-1-1. One of tools to study force interactions is a Free Body Diagram (FBD) that 
shows relative magnetite and direction of forces respect to each other.    
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1 (N) = 1 kg *m/s^2                                                          Eq D-3-1-1 
Second law of Newton state that the acceleration of an object is dependent on the 
net force applied to the object and the mass of that object, this relation showed in 
Equation D-3-1-2. This Equation often rearranges and written in the more familiar shape 
that also showed in the equation below.   
a = F net / M        or     F net = M * a         Eq D-3-1-2 
For example when an object at rest without velocity has an acceleration equal to zero the 
net force applied to that object also it is zero.  Understanding one directional motion and 
force interaction will help to have a better grasp on force interactions.  
D-3-2 ONE AND TWO DIRECTIONAL MOTIONS  
 
The purpose of this section is to review background information on force 
interaction on 1- D & 2-D movements. Mechanics is a sector of science that studies 
motion of an object based on force application and displacement; kinematic is a 
subsection of mechanics that studies motion of object without considering the origin of a 
force applied to the object. Although we are living in the n- dimensional world often the 
physic mechanics focuses on 1-D force interactions in order to solve kinematic of object. 
Often a motion study on Cartesian spaces and divides in multiple 1-D motions, x- axis 
parallel to the line of horizon and y-axis perpendicular to the x-axis and so on and so 
forth. In this study since the focus was to determine fusibility of mineralization in 
simulated microgravity and effect of Fg provides on a mass, emphasis of document will 
be in 1-D and 2-D motions in Cartesian space. Movement of an object is defining in 
magnitude of displacement and direction. In Figure 66 bout movement and distance 
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traveled by the object was shown. In physics d is distance in meter (m) and x is direction 
that object moved in overall X is a movement. Velocity (v) in other hand is a rate of a 
movement over time and has a direction vector as well as a magnitude (speed) with a unit 
of meter per second (m/s). This physical rate computing how fast an object moves in 
space and travels distance.  In the equation D-3-1-2 we talked about acceleration of an 
object based on Newton second law of motion and how acceleration gets affected via 
force apply to objects, Acceleration defines as a rate of velocity over time therefore the 
unit of acceleration is meter over square of time (m/s^2), if there are no displacement or 
change in velocity the net acceleration is zero. The equation D-3-2-1 provides formula 
and units.  
𝑋 = ∆ 𝑥   [𝑚] movement, 𝑣 =
∆𝑋
∆𝑇
  [
𝑚
𝑆
] velocity and 𝑎 =
∆𝑣
∆𝑇
  [
𝑚
𝑠2
] acceleration Eq D-3-2-1 
  
 
 
 
 
 
Figure 66: Displacement and Direction  
 
 
 
 
 
   
